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Résumé 
La mastication est une activité générée par un réseau de neurones communément 
nommé générateur de patron central ou GPC, qui se trouve dans le tronc cérébral et 
qui peut être activé par des influx corticaux ou sensoriels. De plus en plus 
d'évidences suggèrent que la partie dorsale du noyau sensoriel principal du trijumeau, 
(NVsnpr) pourrait former le cœur du GPC de la mastication. Le but de cette étude 
était de déterminer si l'activation tonique des inputs sensoriels à ce noyau génère une 
activité rythmique dans ses neurones. Pour tester cette hypothèse, nous avons effectué 
des enregistrements extracellulaires de neurones du NVsnpr dans une préparation de 
tranche in vitro et examiné les effets de la stimulation répétitive du tractus du 
trijumeau et de l'application locale de NMDA et d'APV en présence de différentes 
concentrations de calcium extracellulaire, ([C~le). Les effets de la stimulation 
répétitive sur les patrons de décharge des neurones du NVsnpr sont divers (excitateurs 
ou inhibiteurs) mais dans quelques cas la stimulation peut entraîner un changement du 
patron de décharge des cellules du NVsnpr (tonique à rythmique en bouffées). Dans 
ces cas, un index de rythmicité (RI) calculé démontre que la décharge devient 
rythmique après la stimulation (RI~O.OI), alors qu'elle ne l'était pas avant. L'effet 
rhythmogénique de la stimulation du tractus peut être mimé par l'application locale 
de NMDA et peut être bloqué par l'application locale d'APV. Dans plusieurs cas 
d'enregistrements multiples, les neurones qui changent leur patron de décharge 
deviennent synchrones. Ces résultats suggèrent que la stimulation répétitive des 
afférences sensorielles in vitro dans des [Ca2+]e physiologiques peut initier dans les 
neurones du NVsnpr des activités rythmiques en bouffées qui ressemblent à la 
mastication et cet effet dépend de l'activation des récepteurs NMDA. 
Mots clés: Génération de patron central, mastication, noyau sensoriel principal du 
trijumeau, inputs sensoriels, tractus du trijumeau, calcium, récepteurs NMDA. 
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Abstract 
Mastication is an activity generated by a network of neurons that is ca lIed a central 
pattern generator or CPG. The masticatory CPG is located in the brainstem and can 
be activated either by cortical or sensory inputs. Increasing evidence suggests that 
neurons in dorsal part of the trigeminal main sensory nucleus (NVsnpr) have the 
intrinsic properties and synaptic connections that cou Id allow it to form the core of 
the masticatory CPG. The purpose of this study was to detennine whether the 
activation of peripheral inputs contributes to generation of rhythmic activity in 
NVsnpr. To test this hypothesis we recorded extracellularly from neurons in NVsnpr 
in a brainstem slice in vitro preparation and studied the effect of sustained stimulation 
of the trigeminal tract and local application of NMDA and APV under different 
extracellular concentrations of calcium, ([Ca2+]e). The effects of tonic stimulation on 
the frring pattern ofNVsnpr neurons were diverse (either excitatory or inhibitory) but 
in sorne cases tonic stimulation switched the neurons firing pattern from tonic firing 
to bursting. A rhythm index (RI) calculated in these cases shows that cell firing 
becomes rhythmic after stimulation (RI~O.Ol). The rhythmogenic effect oftrigeminal 
tract stimulation could be reproduced by application ofNMDA and blocked by local 
application of APV. In several cases of multiple unit recodings the neurons that 
change their firing pattern became synchronous. These results suggest that 
stimulation of sensory afferents in vitro and in physiological [Ca2+]e can elicit 
masticatory-like rhythmic bursting activities in NVsnpr neurons and that this effect 
relies on the activation ofNMDA receptors. 
Key words: Central pattern generation, mastication, trigeminal main sensory nucleus, 
peripheral inputs, trigeminal tract, calcium, NMDA receptors. 
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Many forms of animal behaviour are rhythmic, including different types of locomotion 
such as walking, swimming, crawling and flying, and vital behaviours such as 
breathing and chewing. The rhythmic movements involved in these behaviours are 
governed by central pattern generators (CPGs) (Lund & Dellow, 1969; Von Euler, 
1983; Grillner et al., 1985; Pearson et aL, 1985; Eisenhart et al., 2000). A CPG is an 
assembly of neurons that can produce and maintain a rhythmic pattern of activity in 
the absence of sensory feedback or descending central commands because of intrinsic 
properties and/or connectivity (Rossignol & Dubuc, 1994). This study is part of a 
larger project that investigates the mechanisms by which rhythmogenesis is triggered 
in the trigeminal main sensory nucleus (NVsnpr), a brainstem nucleus that has both the 
synaptic connectivity and intrinsic properties that are required to constitute the core of 
the CPG for mastication (Kolta et al., 2007 for a review). We know from our previous 
work that prolonged (> lOOms) repetitive stimulation of cortical or sensory fibers is 
required to initiate mastication in vivo (Dellow & Lund, 1971; Lund et al., 1984). Here 
we examined the effects of long lasting repetitive stimulation of sens ory afferents 
(trigeminal tract) on the firing pattern of NVsnpr neurons. Special attention is payed to 
the capacity of sensory afferent stimulation to elicit rhythmic activities and the cellular 
mechanism underlying the process. 
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1.1 THE MASTICATION PRO CESS. 
1.1.1 Definition 
Mastication is a naturai process that is the first step of digestion in mammals. It is a 
complex act that requires the coordinated activity of the jaw, ton gue and facial muscles 
that enables the positioning, reduction, and grinding of foods. A closer look to the 
process reveals that it consists of a number of different movement patterns depending 
on the size and texture of the bolus (Thexton et al., 1980; Weijs & Dantuma, 1981). 
Sensory feedback is essential to enable modifications of the movement patterns 
depending on the type of food we encounter. In experimental animaIs, repetitive 
electrical stimulation of the cortical masticatory area (CMA) and subcortical areas 
including the amygdala, the internaI capsule, putamen, globus pallidus, substantia 
nigra, lateral hypothalamus, thalamic reticular nucleus, the mesencephalic reticular 
formation and the pyramidal tract at the level of the Pons (Kawamura & Tsukamoto, 
1960; Dellow & Lund, 1971; Nakamura & Kubo, 1978; Hashimoto et al., 1989) can 
indu ce rhythmical jaw-opening and jaw-closing movements ressembling mastication. 
4 
The CMA parti y overlaps the representation of the jaw, ton gue and facial muscles. 
In primates, the CMA co vers the inferiolateral end of the motor cortex and the adjacent 
postcentral gyrus (Lund & Lamarre, 1974). Destruction or anaesthesia of this region 
does not only disrupt mastication itself but also ingestion and swallowing (Sessle et 
al., 2005). The stimulation needed to produce mastication consists of long-lasting 
medium-frequency trains (ranging from 1O-100Hz). Single pulses or short trains 
applied to the same area will evoke twitch contractions of individual jaw, tongue and 
facial muscles rather than rhythmical jaw movements (Dellow & Lund, 1971; Lund et 
al., 1984). The motor neuron bursts induced by cortical stimulation represent a true 
CNS pattern rather than a series of brain-stem reflex es (Sherrington, 1917), since they 
occur in absence of sensory feedback "fictive mastication" (Lund & Dellow, 1969) and 
of afferent signaIs from the vascular and respiratory systems (Lund & DeIlow, 1971). 
However, ev en if mastication can be produced in absence of sensory feedback, 
tonic sens ory inputs from the periphery can drive the process. Fictive as weIl as real 
mastication can be elicited by innocuous mechanical stimulation of the oral mucosa or 
the teeth in decerebrated rabbits (Bremer, 1923), by placing an object like a balloon in 
the mouth (Lund & DeIlow, 1971; Olsson et al., 1986), in response to a tonic pressure 
on the hard palate (Van Willigen & Weijs-Boot, 1984; Juch et al., 1985), or by 
electrical stimulation of the lips in young pup rats and rabbits (Thexton et al., 1980; 
Thexton et al., 1988; for a review see Lund, 1991; Nakamura & Katakura, 1995). 
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2. THE NEURAL CORRELATES OF MASTICATION 
2.1 OROF ACIAL INNERVATION 
2.1.1 The trigeminal nerve 
The trigeminal nerve is the largest of the cranial nerves. It is the fifth cranial 
nerve (nerve V). The name 44trigeminal" cornes from the fact that it has three major 
branches: ophthalmic (VI), maxillary (V2) and mandibular (V3). These three branches 
emerge from the trigeminal ganglion (also called ganglion of Gasser) which is the 
equivalent to the spinal cord ganglia. The trigeminai nerve is a mixed nerve that has 
both sensory and motor functions. The ophthaimic and maxillar branches are entirely 
sensory, while the mandibular branch contains both motor and sens ory fibers. The 
mandibular branch leaves the skull through the foramen ovale (Fig. 1). 
2.1.2 The motor branches of the trigeminal nerve 
The motor fi bers in the mandibular branch project to the following muscles: 
masseter, temporalis, medial and laterai pterygoides, tensor veli palatine, mylohyoides, 
the anterior belly of the digastric and tensor tympani. With the exception of tensor 
timpani, aU these muscles are involved in mastication (Fig. 1). 
(A) 
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Figure 1. A. Branches of the trigeminal nerve and their fields. Motor branches are 
indicated in red and sensory branches in blue. The three main areas innervated by the 
trigeminal nerve VI, V2 and V3 are shown with different colours. The ophthalmic 
branch enters the skull through the orbitaI fissure and the maxillary branch through the 
foramen rotundum. Both branches converge on the trigeminal ganglion and join the 
mandibular branch that enters through the foramen ovale. B. General somatic 
innervation of the face (dermatomes). Adapted from Blumenfeld, (2002). 
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In mammals, the anterior digastric and mylohyoid muscles open the jaw, whereas the 
temporalis, masseter and pterygoides muscles close the jaw (Blumenfeld, 2002). The 
motoneuron cell bodies are found in the trigeminal motor nucleus in the brainstem 
(NVmot). Motoneurons of distinct muscles of the jaw are distributed in distinct 
locations within NVmot. The ventromedial motoneuron pool contains cells that 
innervate jaw-opening muscles (digastric and mylohyoideus) whereas the dorsolateral 
motoneuron pool innervates jaw-closing muscles (temporalis and masseter). The 
medial- and lateral pterygoides motoneuron pools are located between the other two 
(Weijs & Datuma, 1981; Jacquin et al., 1983a; Mizuno et al., 1983; Lynch, 1985). 
2.1.3 The sensory branches of the trigeminal nerve 
Trigeminal sensory fibers are found in all three branches and carry information 
from epithelial mechanoreceptors (in the skin, hair and mucosa), periodontal 
mechanoreceptors (in the periodontal ligaments), temporomandibular joint afferents 
(in the temporomandibular capsule), muscle afferents (primary and secondary muscle 
spindles, Golgi tendon organs and thermal and nociceptive afferents. Most of the cell 
bodies of these primary sensory fibers form the trigeminal ganglion (Fig. 1). However, 
all afferents that innervate the jaw-closing muscle spindles (primary and secondary) 
and a subpopulation of periodontal afferents have their cell bodies in the brainstem in 
the trigeminal mesencephalic nucleus (NVmes) (Gottlieb et al., 1984) (Fig. 2). 




trigeminal nucleus, NVmes 
Trigeminal motor nucleus, 
NVmot 





Gasserian or trigeminal 
ganglion 
Spinal trigeminal nucleus, 
NVsp 
Figure 2. Sehematie figure depieting trigeminal sens ory (blue) and motor 
(red) fibers and their associated nuclei (View from a sagital eut aeross the 
brainstem). The main sensory nucleus (NVsnpr), the spinal nucleus (NVsp), 
subdivided in three regions (NVspo, NVspi, NVspc) and the mesencephalic 
nucleus, NVmes receive sensory inputs. NVmes sends efferents to the 
trigeminal motor nucleus NVmot, that contain motoneuron cell bodies for each 
group of muscles involved in mastication. Adapted from Cajal, S. Ry, (1909). 
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The central branches of neurons of the trigeminai ganglion enter the Pons ventrally via 
the trigeminai sensory root and then bifurcate in ascending and descending branches 
that are also called the trigeminai tract. Large-diameter (myelinated) primary sensory 
neurons mediating fine touch and dental pressure travel through the ascending 
branches of the trigeminai tract and project to the main sensory nucleus (NVsnpr) in 
the brainstem. Medium and small-diameter (unmyelinated) primary sensory fibers that 
convey crude touch, pain and temperature sensations enter the lateral Pons through the 
descending branch of the trigeminal tract (spinal tract) and project to the ipsilateral 
trigeminal spinal nucleus (NVsp) in the brainstem (Fig. 2). 
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2.2 THE TRIGE MIN AL SYSTEM 
The trigeminal sensory nuclear complex (TSNC) is formed by the NVmes, the 
trigeminal main sensory nucleus (NVsnpr) and the trigeminal spinal nucleus (NVsp) 
(Mees sen & Olszewski, 1949; Olszewski, 1950) (Fig. 3). NVsnpr is the brainstem 
analog of the dorsal colurnn nuclei, whereas NV sp is an extension of the dorsal hom of 
the spinal cord. NVsp is continuous with NVsnpr and 1 runs caudally to the upper 
segments of the spinal cord (C2). NVsp is subdivided into nucleus oralis (NVspo) 
interpolaris (NVspi) and caudalis (NVspc), and NVspo is furtherly subdivided in two 
cytoarchitectonic distinct regions from rostral to caudal: NVspo y and NVspo ~ 
(Eisenman et al., 1963). Both nuclei, NVsnpr and NVsp are bordered laterally by the 
trigeminal tract and medially by the parvocellular reticular formation (PCRt) (Fig. 4A). 
NVmes is located dorsoanteriorly to NVmot and lies in the upper to middle regions of 
the Pons extending from the superior colliculus to the caudal edge of NV snpr. NV mot 
is located medial to NVsnpr and lateral to nucleus Pontis Caudalis (nPontC) (Fig. 3). A 
shell of the parvocellular reticular formation (PeriV) surrounds NVmot and is 
subdivided into several regions: The supratrigeminal nucleus (SupV) dorsal to NVmot, 
the intertrigeminal region (NintV) between NVmot and NVsnpr, the medial PeriV 
(mPeriV) located medial to NVmot and PCRt ventral and caudal to NVmot (Paxinos & 
Watson, 1982) (Fig. 4A). nPontC lies in the medial reticular formation bordering 
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Figure 3. The trigeminal nuclear complex. Horizontal view of the 
brainstem seen from top of cerebellum (The cerebellum itself has been 
removed and we only see the peduncles and the brainstem structures 
beneath). We observe how the trigeminal sens ory complex (orange) is 
organized in relation to other trigeminal nuclei (red, blue, green). Adapted 
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Figure 4. NVsnpr and surrounding structures A. transverse and 
B. horizontal sections of the rat brainstem. In blue, region described 
by Tanaka et al. (1999). Adapted from Paxinos & Watson (1982). 
f. 
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2.3 THE MASTICATORY CENTRAL PATTERN GENERATOR, CPG 
2.3.1 Definition 
The first attempts to describe the rhythmic process of mastication date from the 
experiments performed by Sherrington at the beginning of the 20th century. To 
Sherrington, rhythmic mastication could be explained by an alternate activation of two 
simple brainstem reflexes, a jaw opening reflex triggered by pressure on the teeth or 
tactile stimulation of perioral areas, and a jaw-closing reflex triggered by stretching of 
the jaw closing muscles during the opening. Both reflexes would follow each-other 
indefinitely until an external command interceded to stop the cycle (Sherrington, 1917) 
The idea of rhythmic orofacial-movements proper to mastication being patterned by 
central motor commands rather than as a consequence of pure reflex sensory arcs was 
put forward by Bremer, (1923). Later, Dellow & Lund (1971) demonstrated that the 
isolated brainstem can generate rhythmic coordinated activity ressembling mastication 
even in absence of afferent inputs and postulated the existence of a central pattern 
generator (CPG) for mastication. A CPG is an assembly of neurons that can produce 
and maintain a rhythmic pattern of activity in the absence of sens ory feedback or 
descending central commands because of intrinsic properties and/or connectivity 
(Rossignol & Dubuc, 1994). CPGs are basic functional elements of essential processes 
such as respiration (von Euler, 1983), locomotion (Grillner, 1985) and mastication 
(Lund & Dellow, 1969). 
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Feldman & Ellenberger (1988) suggested that the respiratory CPG could be 
subdiv~ded functionally into two different groups of neurons generating separate stages 
of the motor pattern. A first CPG component would produce the rhythm of respiration 
(the timing and length of the cycle); whereas a second component wou Id shape the 
motoneuron output (duration and amplitude of EMG bursts). Other evidence 
suggested that this could also be the case for other complex mammalian motor rhythms 
such as locomotion (Rossignol et al., 2006) and masticatio,: (Lund, 1991 for a review). 
In the rabbit (Lund et al., 1984) it was shown that the rhythm and the motoneuron 
output can be varied independently from each other. Increases in intensity of repetitive 
stimulation of different points of the cortical masticatory area in anaesthetized 
preparations could either increase the frequency of the rhythm without modifying the 
pattern of jaw movement or vice-versa. However, more recent evidence suggest that 
both functions may be accompli shed by a single population of neurons forming the 
core of the CPG (Athanassiadis et al., 2005a; Brocard et al., 2006). 
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2.3.2 Localization of the masticatory CPG 
It was postulated more than 30 years ago that the fundamental pattern of 
mastication, consisting of rhythmic opening and closing of the jaws, with associated 
repetitive. movements of the tongue, cheeks and lips, could be generated by an 
assembly of neurons in the lower pons and the medulla (Lund & Dellow, 1969; 1971). 
Early experiments showed that mastication could be obtained in precollicular 
decerebrate animaIs (Bazett & Penfield, 1922), indicating that descending central 
commands were not essential for the initiation of the rhythmical motor output. 
Complementary sets of experiments using intraoral anesthetics in human subjects 
(Schaerer et al., 1966), extensive orofacial denervation in rabbits (lnoue et al., 1989) 
or selective les ions in NVmes (Goodwin & Luschei, 1975), showed that peripheral 
inputs were not essential for mastication (Lund, 1991 for a review). Dellow and Lund 
further demonstrated in 1971 that the isolated brainstem alone suffices to generate the 
typical rhythmic motor output of mastication. Stimulation of the corticobulbar tract in 
the brainstem of paralyzed and decerebrated animaIs could produce aIternating bursts 
of activity in jaw-closing and jaw-opening motoneurons and in hypoglossal 
motoneurons. The rhythmic motor output of mastication did not dependent on the 
cardiac or respiratory rhythms. 
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2.3.3 Early models of the masticatory CPG 
Nakamura's group was the first to propose a sequential model of the CPG for 
mastication that involved neurons within the medial bulbar reticular formation (MRF) 
. 
between the facial motor nucleus (NVII) and hypoglossal nucleus (NXII) (Nozaki, et 
al. 1986a,b; Nakamura & Katakura, 1995). They suggestèd that the initial step in 
generation of a masticatory rhythm was the excitation of a group of neurons in the 
dorsal pole of the paragigantocellular reticular nucleus (dPGC) which receives direct 
projections from the contralateral cortical masticatory aréa in the guinea pig. They 
proposed that dPGC neurons project directly to the oral portion of the gigantocellular 
reticular nucleus, GCo, an area that contains neurons that burst rhythmically in phase 
with mastication (Fig. 5). After studying the latency of the local field potentials evoked 
in dPGC and GCo by cortical stimulation, Nakamura's group reported that the 
masticatory rhythm started with tonie excitation of neurons in dPGC. This area then 
drove the rhythmic firing of neurons in GCo (Nozaki et al., 1986b). They added a third 
group of cells in the circuit, a group of intemeurons within the caudal parvocellular 
reticular formation (cPCRt) located caudal to dPGC and GC, and next to NXII. This 
last group of cells projected to NVmot to control the trigeminal motor output (Nozaki 
etai., 1993; Nakamura & Katakura, 1995; Nakamura etai., 1999). 
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Figure 5. Early CPG model. In Nakamura's model, the 
descending central command travels through the corticobulbar 
path to the paragigantocellular nucleus and its dorsal portion, 
dPGC which then aetivate neurons in the gigantocellular 
nucleus, GCo and GCe, that projeet to the more caudal 
parvocellular reticular formation, ePCRt. The later aeting as the 




Nozaki et al. (1986a) observed that the CPG for mastication was organized 
bilaterally in the guinea pig. When the two sides of the caudal pons and medulla were 
separated, each hemisection was still able to generate an unilateral pattern of 
mastication. Anatomical evidence showed that commissural axons connect the two 
half sides of the masticatory CPG (Nozaki et al., 1991; Chandler & TaI, 1986; 
Landgren et al., 1986; Bourque & KoIta, 2001). Chandler & TaI (1986) also 
demonstrated that a transection at the level of NXII disconnecting cPCRt from more 
rostral areas did not abolish mastication indicating that cPCRt was not essential for 
mastication. On the basis of these observations, Lund (1991) suggested a revis ion of 
Nakamura's model, and proposed that GCo projected to neurons of the rostral 
parvocellular reticular formation, PCRt pars a adjacent to NVspo y. However, further 
evidence indicated that the areas that are essential for rhythm generation are located 
more rostraly in the brainstem (Lund, 1991 for a review). The elimination of caudal 
GC by transection does not disrupt mastication in vitro (Kogo et al., 1996; Kogo et al., 
1998; Katakura, 1999). Using en bloc brainstem preparations in vitro, Tanaka et al. 
(1999) showed that the minimal portion of brainstem required to initiate rhythmic 
masticatory-like motor-output could be reduced to the region between the rostral 
border of NVmot and the rostral border of NVII. When considering medial to lateral 
dimensions, the preparation extends 400j..lm from the midline to the lateral border This 
region inc1udes NVsnpr, NVspo-y, NVmot, PeriV inc1uding PCRt and a portion of 
NPontC (Fig. 4). 
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The majority of the projections to trigeminal motoneurons arise from these areas, 
which all show increased c-Fos-like immunoreactivity after bouts of rhythmic 
mastication (Athanassiadis et al., 2005b), and which all contain neurons with bilateral 
projections to NVmot indicating that they may participate to the bilateral coordination 
of the jaw (Mizuno et al., 1983; Landgren et al., 1986; Rokx et al., 1986; Appenteng 
& Girdlestone, 1987; Appenteng et al., 1990; Donga & Lund, 1991; Li et al., 1993; Li 
et al., 1995; Westberg et al., 1995; Li et al., 1996; KoIta et al., 2000). In addition all of 
these areas contain neurons that fire rhythmically in phase with the trigeminal 
motoneurons during cortically induced mastication in the anaesthetized and paralysed 
rabbits, guinea-pigs and rats (Donga & Lund, 1990; Donga et al., 1990; Inoue et al., 
1992; Westberg et al., 1998; Tsuboi et al., 2003). 
However, it is unc1ear whether rhythmic firing in these neurons results from 
intrinsic properties or rhythmic synaptic inputs originating elsewhere. Neurons in 
Peri V and PCRt do not seem to possess intrinsic rhythm generating properties when 
studied in vitro (Bourque & KoIta, 2001), suggesting that these areas could be 
recruited by excitatory or inhibitory inputs rather than participate in the process of 
generating the masticatory rythm per se. In contrast, NV snpr neurons have membrane 
conductances that produce plateau potentials. They have intrinsic rhythmic bursting 
properties as was shown in in vitro experiments in brainstem slice preparation of 
gerbils and rats (Sandler et al., 1998; Brocard et al., 2006). This feature is found in 
neurons forming endogenous oscillators observed in other rhythm generating circuits 
(Calabrese, 1995; Brocard et al., 2006). Additionally, electrophysiological experiments 




ipsilateral NVmot, NPontC, PeriV and PCRt (Arsenault et al., 2004; Athanassiadis et 
al., 2005a) and with contralateral NVmot (Donga & Lund, 1991). 
In addition, Tsuboi et al. (2003) showed that about one third of the neurons found in 
dorsal NVsnpr fire rhythmically in phase with trigeminal motoneurons (MNs) during 
fictive mastication. These evidence suggest that NVsnpr is an area that may contain 
the core of the masticatory CPG . 
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3. THE MAIN SENSORY NUCLEUS, NVsnpr 
3.1 NVsnpr morphology and localization 
The NV snpr is a rather compact nucleus with cells of uniform size and shape. It 
has a kidney-like shape in coronal section and is ovoid in the horizontal plane. It has a 
rostrocaudal extent of about 1.2mm and is found approximately 4.4 to 5.6mm rostral to 
the obex in rat. It is located 2.8 to 3.4mm from the midline (Paxinos & Watson, 20,04) 
and measures 1.8mm from dorsal to ventral (Paxinos & Watson, 2004) (Fig. 4A, B). 
NVsnpr starts roughly at the same lev el that NVmot in the rostro-caudal axis although 
it extends more caudally (l400!!m in the cat) (Eisenman et al., 1963; Marfurt & 
Rajchert, 1991). NVsnpr ends where the fibres of NVII travel across the medulla and 
is followed caudally by NVspo y. Classical morphological studies have reported 
cytoarchitectonic differences between the dorsal (NVd) and ventral (NVv) parts in the 
cat (Eisenman et al., 1963; Shigenaga et al., 1986a). According to Shigenaga et al., 
(l986a) NVd has a higher celldensity than NVv. However, this morphological 
distinction was not observed in the rat (Ide & Killackey, 1985). The average diameter 
of the cells within NVsnpr ranges from 1OJ..UIl in the rat, and Il to 13J..UIl in platypus 
and echidna, two australian monotrema (Ashwell et al., 2006) to 15 to 30~m in the cat 
(Eisenman et al., 1963). NVsnpr can be distinguished from other nuclei of the 
trigeminal sensory complex by the high density of small to medium sized round or 
ovoid neurons. NVsp oralis has conversely large polygonal neurons (22 to 40J..UIl 
diameter) and its neuropil is interrupted by distinctive rostrocaudal oriented bundles of 
myelinated axons (Ide & Killackey, 1985). 
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3.2 NVsnpr connectivity 
3.2.1. Cortical inputs 
Anatomicai and electrophysioIogicai studies conducted by Hernandez-Peon 
(1955) and BrodaI et al. (1956) showed cortical inputs to NVsnpr in adult cats. These 
observations were supported by les ion studies of the sensory-motor cortex conducted 
by Wooisey (1955) and Gobei et al. (1971) who observed degenerating corticofugal 
endings in NVsnpr using electron microscopy. The corticofugal endings were 
characterized as small myelinated fibers (1!lm diameter), containing few synaptic 
vesicles and establishing synapses mainly on dendrites. Few synapses were reported 
on axons and none on somas. These results confirmed the observations of BrodaI 
(1956). In 1985, Yasui et al., made HRP injections in the cat motor cortical 
masticatory area and observed Iabelling in the median NV snpr as one of the projection 
targets of the descending pathway. Labelling was aiso observed in the dorsal and 
median portion of NV spo and median NV spi. 
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3.2.2. Peripheral inputs: Somatotopy of NVsnpr 
Primary sensory fibers in the spinal trigeminal tract of nerve V are organized 
somatotopically in the cat (Marfurt, 1981) and in the rat (Gregg et al., 1973; Jacquin et 
al., 1983a, b; Shigenaga et al., 1988). Sensory fibers from the ophthalmic division are 
found ventrolaterally while those from the mandibular division are found 
dorsomedially. Fibers from the maxillary division are found between the other two 
(Fig. 6A). Darian Smith et al. (1963a, b) reported that neurons in NVspo and NVsnpr 
in cat conserve the somatotopy of the sensory fibers and form a clear somatotopic map. 
This consists of an inverted representation of the face in the dorso-ventral aspect of the 
nucleus, with the mandible region represented dorsally, the ophthalmic region 
represented ventrally and the maxillary between both (Fig. 6B). Shigenaga et al. 
(1986a, b; 1988) studied exhaustively the anatomical and functional projections of the 
primary afferents in the cat using horse radish and phaseolus vulgaris leucoaglutinin 
injections in peripheral nerves innervating oral and facial structures. They confirmed 
the inverted representation of the face on the dorso-ventral aspect of the nucleus and 
showed that the dorsal part of NVsnpr is the principal target for intraoral afferents, 
whereas the ventral part receives both intraoral and facial afferents (mental, 
infraorbital and frontal nerve afferents). Infraorbital afferents end up in the ventral 
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Figure 6. Somatotopic organization of primary atTerents within the trigeminal 
ganglion and NVsnpr. A. HRP tracing studies reveal that the three trigeminal branches 
project to distinct areas of NVsnpr in the dorso-ventral axis. Adapted from Kerr et al. 
(1968) B. Inverted-face representation. Note that the afferents projecting from the 
mandible, Md are dorsal while the maxillary, Mx are in the middle of the nucleus. We can 
additionally see cytochrome oxidase staining of barrel-like spots in the ventral part of the 
nucleus due to the clustered projections from vibrissa and sensory hair (large black 
polygons and small black dots, respectively). Adapted from Erzururnlu et al. (2006) and 
Oury et al. (2006). 
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Arvidsson, (1982) also reported an inverted-face representation in NVsnpr and 
revealed in addition the localization of vibrissae columns organized in 'barrel-like' 
s~ructures when observed in transverse sections of the brainstem. Although the dorso-
ventral somatotopic representation of the face in NV snpr has been generally accepted, 
there is sorne controversy about the organization of NVsnpr in the rostro-caudal axis. 
Eisenman et al. (1963) found that the majority of peri oral touch cells in the rostral half 
of NVsnpr had their receptive fields on the lips, while the majority of the cells found in 
its caudal half had receptive fields located in the hairy skin surrounding the mouth and 
more remote areas. This group also reported that a larger number of cells with 
receptive field on whiskers were located on the rostral half of NVsnpr. Other early 
experiments demonstrated that the face and oral cavity were represented 
somatotopically but disproportionately in all rostrocaudal levels of the entire sensory 
trige minaI complex (Kruger & Witkovsky, 1961a; Kruger et al., 1961b; Kruger & 
Michel, 1962a, b; Kerr et al., 1968). Shigenaga, (1986a) reported that each area of the 
anterior face and oral cavity is indeed represented in rostrocaudally oriented columns 
that run parallel from NV snpr to NV spc. These results were in agreement with the 
electrophysiological works of Kruger & Michel (1962a) and anatomical works by 
Arvidsson et al. (1982). 
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3.2.3. Neurochemical sludies 
A number of studies have tried to characterize the neurochemical content of 
fibers projecting to NVsnpr (Clements & Beitz, 1991; Bae et al., 2000; Waite et al., 
2000). Bae et al. (2000) used HRP-conjugated cholera toxin B-subunit to label primary 
afferents in the trigeminal ganglion together with immunostaining against glutamate in 
the trigeminal main sensory complex .. They suggested that large-caliber primary 
afferent neurons use glutamate as a neurotransmitter. These synapses were subject to 
pre-synaptic modulation by GABAergic fibers and the authors suggested that this 
would specially apply for NVsnpr where a higher degree of pre-synaptic control might 
be required for sharpening spatial somatosensory information. These observations 
were corroborated by the electron-microscopy studies of Clements & Beitz (1991). 
Waite et al. (2000) studied anatomical and functional development of the trigeminal 
sensory complex in rats from age E13 to P6. They found that responses to stimulation 
of the trigeminal ganglion in NVsnpr neurons were NMDA and AMPA dependent. 
Additionally GABA-A excitatory responses were also observed and blocked through 
bicuculline application. GABA-A responses were observed at all ages but were 
maximal from E20 to Pl, which is consistent with the development of whisker-related 
patterns (Landers & Zeigler, 2006 for a review). 
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3.2.4 Inputs to NVsnpr from other nuclei in the brainstem 
Extracellular injections of biocytin and intracellular recordings in vitro in 
conjunction with micro-stimulation were used to show that aIl areas of PeriV, PCRt 
and NPontC project to NVsnpr monosynaptically (Bourque & Koita, 2001; 
Athanassiadis et al., 2005a). The majority of responses detected in NVsnpr (80%) 
could be blocked by DNQX and APV (antagonists of AMPA and NMDA receptors 
respectively) indicating that these projections are glutamatergic. Fewer stimuli (20%) 
eiicited IPSPs, and these were sensitive to GABAergic and glycinergic antagonists 
(Bourque & KoIta, 2001 ; Athanassiadis et al., 2005a). This observation is consistent 
with immunohistochemical studies conducted in rat and rabbit (Li, et al., 1996; 
Turman & Chandler, 1994a,b; KoIta et al., 2000) which showed a mixed population of 
excitatory and inhibitory neurons in PeriV. In the study conducted by Athanassiadis et 
al. (2005a), NVmot stimulation also resulted in a mixture of excitatory and inhibitory 
evoked responses in NV snpr. The latency of many NV mot evoked responses fell 
within the monosynaptic range. Since motoneurons in NVmot lack recurrent axon 
collaterais and are exclusively cholinergic (Lauterbom et al., 1993; Ichikawa & 
Shimizu, 1998; Saad et al., 1999) these responses were attributed to projections from 
intemeurons within the nucleus (Sessle, 1977; Ter Horst et al., 1990). More recently it 
has been shown that NVmot contains a mixed population of excitatory (glutamatergic) 
and inhibitory (GABAergic and glycinergic) intemeurons (Li, et al. 1996; KoIta, et al. 
2000; McDavid et al., 2006). 
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NVsnpr also receive projections from NPontC, and one half of the responses evoked 
by stimulation of the dorsal NPontC occurred at monosynaptic range (Bourque & 
Kolta, 2001; Athanassiadis et al. 2005a). Projections from neurons in NPontC and 
PCRt of the rat have been also described using HRP and phaseoulus vulgaris 
leucoaglutinin tracers (Shammah-Lagnado et al., 1987; Ter Horst et al., 1991; 
Shammah-Lagnado et al., 1992). 
3.3. Outputs from NVsnpr 
3.3.1 Projections to higher centers: Thalamus 
The NVsnpr has been classically described as a sens ory relay to the thalamus. 
Later it has· been reported that secondary neurons in the nucleus send collaterals to 
reticular areas such as PeriV (Jacquin et al., 1982; Yoshida et al., 1998; Zerari-Mailly 
et al., 2001), NVmot (Yoshida et al., 1994; Buisseret-Delmas et al., 1997; Koita et al., 
2000), NVmes or higher areas such as the cerebellum (Huerta et al., 1983; Steindler, 
1985). In fact, the most important projections from NV snpr travel to the thalamus in 
the two reticulothalamic pathways (Blumenfeld, 2002). The first pathway contains 
axons from NV snpr neurons that carry somesthetic information from the face. It 
. 
constitutes a large projection arising in the ventral two thirds of the nucleus. The 
neurons give off ascending axons that ascend with the medial lemniscus, cross the 
midline to the contralateral side of the brainstem and then project to the ventral-
posterior-median nucleus of the thalamus, VPM. This has been confirmed in 
retrograde studies in the cat (Smith, 1975) and in the dog and pig (Michail & 
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Karamanlidis, 1970; Brodai, 1981 for a review). Darian-Smith et al. (1963b) 
performed electrical stimulation of the contralateral arcuate nucleus of the thalamus in 
the cat and observed both antidromic and trans-synaptic responses in NVsnpr. Medial-
lernniscal neurons were also identified through stimulation, and responses were 
observed throughout NV spo and the caudal part of NV snpr. These neurons form an 
homogeneous group located in the dorsolateral part of each nuclei. This data was 
confirmed by further anatomical studies (Mizuno, 1970; Shigenaga et al., 1979, 
1983). The second pathway arises from neurons that convey proprioceptive 
information, touch and pressure sensation from the oral cavity, including the teeth. 
These axons arise from cells located in the dorsomedial third of NVsnpr and give off 
uncrossed axons that travel to ipsilateral VPM in the dorsal trigemino-thalamic tract 
(Walker, 1939; Carpenter, 1957). Torvik reported half a century ago that the dorsal 
NV snpr contained ascending axons in the ipsilateral reticular formation that project to 
the thalamus (Torvik, 1957; Mizuno, 1970). Luo & Dessem (1995) performed 
anatomical studies in the rat using HRP neurotracer injections in VPM and labelled 
neurons contralaterally in SupV, NVsnpr, NVspo, NVspi and PCRt. Steindler (1985) 
obtained similar results in the mouse, and observed important projections to the 
cerebellar cortex and deep cerebellar nuclei from NVsnpr and NVspi. This was also 
reported in the rat (Huerta et al., 1983). 
y oshida et al. (1998) conducted HRP tracing studies in the c,at in order to 
determine cell morphology and local projections from cells whithin NV snpr. They 
found three classes of projecting neurons based on their axonal and dendritic 
arborisation pattern. Class la neurons were sensory neurons having an ascending stem 
axon and no branching. This class correspond to the thalamus projecting neurons 
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reported by Torvik (1957) and Mizuno (1970). Class lIa contained neurons that had 
both ascending axons and collaterais to lower brainstem nuc1ei, especially projecting 
to dorsal NV mot. Y oshida et al. suggested that these neurons could be involved intp 
sens ory discrimination and the jaw c10sing reflex. Class lIb neurons were local circuit 
neurons that only send collaterais to neighbouring brainstem structures. 
Neurochemical studies on thalamus-projecting neurons from NVsnpr reported that the 
majority of them were glutamatergic (Magnus son et al., 1987), although sorne local 
branching neurons were GABAergic (Ginestal & Matute, 1993; Avendano et al., 
2005). 
3.3.2 Projections to the reticular formation and NVmot 
As described above, NV snpr neurons project to nearby reticular nuc1ei such as 
SupV, PCRt, NintV, mPeriV, and to NVmot (Jacquin et al., 1982; Yoshida et al., 
1998; Zerari-Mailly et al., 2001; Arsenault 1., 2004; Athanassiadis et al., 2005a). In 
vitro electrophysiological studies conducted by Athanassiadis in a rat brainstem slice 
preparation showed that antidromic activation in NV snpr could be obtained through 
stimulation in the masseteric pool of NVmot and dorsal NPontc (Athanassiadis et al., 
2005a). This is in agreement with the unpublished observations of Arsenault et al. 
(2004). They found that stimulation of dorsal NV snpr evokes PSPs in the masseteric 
pool of NVmot suggesting that dqrsal NVsnpr send direct projections to jaw c10sing 
motoneurons. PSPs could be also obtained in the digastric pool of NVmot following 
stimulation of aIl parts of NVsnpr, but the latency of responses elicited by stimulation 
of the ventral part was much shorter, suggesting that ventral NVsnpr sends direct 
projections to jaw opening motoneurons. These observations support the findings of Li 
31 
et al. (1995) who reported that NVsnpr project to jaw-opening motoneurons. 
Anatomical studies using rhodamine dextran techniques combined with 
immunohistochemistry have shown that at least sorne of the NVsnpr neurons 
projecting to NVmot are GABAergic and/or glycinergic (Li et al., 1996). Other groups 
have also reported the existence of glycinergic cells in NVsnpr (Ginestal & Matute, 
1993; Turman & Chandler, 1994a; Rampon et al., 1996; Avendano et al., 2005) 
aIthough they found more dense labellings in NV spc and NV spi. Employing similar 
techniques in the rabbit, KoIta et al. (2000) reported the existence of GABAergic and 
glutamatergic neurons among premotoneurons in dorsal NVsnpr projecting to NVmot. 
Similar findings were obtained by Turman and Chandler in the guinea-pig (Turman & 
Chandler, 1994a,b). 
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3.4 Evidence that NVsnpr may form the core for the CPG for mastication 
As described above, sorne NVsnpr neurons project to NVmot and other structures of 
the lateral and medial reticular formation, and our group has raised the possibility that 
these cells could be involved in motor processing because they fulfill most of the 
requirements expected from CPG neurons (Tsuboi et al., 2003; Athanassiadis et al., 
2005a; Brocard et al., 2006). First, they receive massive inputs from the cortex and 
sensory afferents (Eisenman et al., 1963; Dellow & Lund, 1971; Tsuru, et al. 1989; 
Zhang & Sasamoto, 1990; y oshida, et al. 1998) and have outputs to premotorneurons 
and MNs of PeriV, NVmot and NPontC (Inoue et al., 2002; Arsenault et al., 2004; 
Athanassiadis et al., 2005a). Second, in vivo studies have shown that about one third of 
the neurons in dorsal NVsnpr fire rhythmically in phase with trigeminal motoneurons 
when fictive mastication is elicited by stimulation of the CMA in paralyzed rabbits 
(Tsuboi et al., 2003). Third, the expression of c-Fos-like protein, a functional marker 
of activity, increases in, this area during fictive mastication (Athanassiadis et al., 
2005a). Fourth, in in vitro brainstem slice preparations, many NV snpr neurons burst 
and have plateau properties in the gerbil (Sandler et al., 1998) and in the rat (Brocard 
et al., 2006). Our group has shown that appearance of these properties coincides with 
the emergence of mastication in new-born rats (Brocard et al., 2006). The bursts and 
plateaux not only persist in Ca2+ free ACSF (a condition that blocks synaptic 
transmission), but are enhanced in these conditions indicating that this pro pert y 
depends on intrinsic cell-membrane properties (Brocard et al., 2006) (Fig. 7). 
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Figure 7. Intrinsic bursting properties of NVsnpr neurons. A. Whole-cell patch-
recordings from NV snpr neurons in an in vitro brainstem slice preparation showing bursting 
in Ca2+ free conditions. B. Rhythmic bursting depend on a persistent sodic conductance, 
INaP, as it is abolished by the local application of TTX or the more specifie antagonist 
Riluzole. Adapted from Brocard et al. (2006). 
34 
Removal of Ca2+ from the perfusing solution results in conversion from tonie firing 
to repetitive bursting in 80% of neurons (Brocard et al., 2006; KoIta et al., 2007 for a 
review). Intracellular application of BAPTA, a Ca2+ chelator, did not cause or prevent 
bursting, suggesting that the initiation of rhythmic bursting in the NVsnpr is related to 
changes in the extracellular space and not within the cell. Brocard et al. (2006) used a 
pharmacologieal approach to dissect the ionic mechanisms underlying reCUITent 
bursting in NVsnpr neurons. The role of small (SK) and big (BK) Ca2+-dependent K+ 
conductances was assessed with bath application of Apamin and Charibdotoxin 
respectively. These drugs did not stop the spontaneous bursting of NVsnpr neurons in 
Ca2+ free ACSF, indicating that neither one of these K+ conductances was essential for 
bursting. Blocking K+ conductances with TEA, or the Th CUITent with ZD7288 did not 
prevent bursting in Ca2+ free ACSF, aIthough the burst frequency was reduced and 
burst duration increased by TEA. Bath perfusion of tetrodotoxin, (TTX) in Ca2+-free 
ACSF was used to test whether'Na+ conductances were involved in burst generation. 
TTX reversibly abolished bursting and plateau potentials at low doses before 
abolishing action potentials. 
Taken aItogether, this data suggested that both the plateaux and the bursts depended on 
sodium conductances. Riluzole, a specific antagonist of the persistent sodium cUITent, 
INaP, blocked rhythmic bursting without affecting spikes, indicating that NVsnpr 
bursts and plateau properties were INaP dependent (Fig. 7). INaP-dependent rhythmic 
activities have been associated with rhythmic physiological processes such as 
respiration (Feldman & Smith, 1989; Del Negro et al., 2002; Rybak et al., 2003), 
locomotion (Tazerart et al., 2007; Zhong et al., 2007), whisking (Cramer et al., 2007) 
and heartbeat pattern generation (Lu et al., 1999). Brocard et al. (2006) showed that 
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the INaP-mediated rhythmic bursting in NV snpr depends on the membrane potential 
Figure 9 shows a cell that does not burst close to the resting membrane potential 
(-65mV) but does burst when it is gradually depolarized. Cell firing becomes tonie at 
potential more depolarizedthan -51mV, indicating that rhythmic firing occurs only 
within a precise voltage range that correspond to activation and inactivation voltages 
of INaP (Azouz et al., 1996; Su et al., 2001; Del Negro et al., 2002; Darbon et al., 
2004; Brocard et al., 2006). More interestingly, Brocard et al. (2006) also showed that 
the amplitude and duration of the INaP-mediated plateau that underly bursting depend 
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Figure 8. Intrinsic properties of neurons in NV snpr A. Rhythmic bursting is 
linearly dependent with the membrane potential. The cell does not burst close to 
resting membrane potential (-60mV) but does it when we gradually depolarize the 
cell. At -51 m V the cell becomes tonie indieating that the rhythmic firing oecurs only 
within a precise voltage range that is consistent with the activation of INaP. B. The 
plateau potential has also been isolated pharmaeologieally and depends on INaP 
conductance. The plateau also depends strongly on [Ca2l e• As we see the graduaI 
perfusion of Ca2+ free ACSF increases burst duration. Adapted from Brocard et al. 
(2006). 
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4. THE GENERAL HYPOTHESIS 
There is evidence that changes in the intensity of neuronal activity causes important 
fluctuations in [Ca2+]e in the spinal cord (Somjen, 1980; Murase & Randic, 1983); 
cortex (Nicholson et al., 1978; Rusakov & Fine, 2003) and in hippocampal slices 
(Benninger et al., 1980; Cohen & Fields, 2004) for a review. As pointed out in section 
1.1, prolonged (>100ms) repetitive stimulation (10-100Hz) of cortical or sensory fibers 
is usually required to trigger mastication in ex peri mental animaIs. Therefore, we 
postulate that the sustained activation of these inputs to NVsnpr causes a drop of 
[Ca2+]e leading to activation of INaP and to recurrent bursting. A number of 
mechanisms could be responsible for the local changes in [Ca2+]e: ionotropic receptors 
such as NMDA, Ca2+-ATPase pumps and Na+/Ca2+ exchangers. There is evidence that 
NMDA receptors can contribute to synaptically- evoked [Ca2+]e depletion (Rusakov & 
Fine, 2003). Glial cells are also good candidates for [Ca2+]e depletion, and are sensitive 
to a number of neurotransmitters, such as glutamate, GABA, acetylcholine, and A TP 
or ions such as K+ released during neuronal firing (Verkhratsky et al., 1998; Grosche et 
al., 1999; Grosche et al., 2002). Other projects being conducted in our laboratory are 
designed to dissect the contribution of glia and neurons to changes in [Ca2+]e. This 
study investigates whether long lasting repetitive stimulation of sensory afferents 
(trigeminal tract) elicits rhythmic bursting in NVsnpr neurons under physiological 
levels of [Ca2+]e and evaluate the role of NMDA receptors in the process of 
rhythmogenesis. 
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5. HYPOTHESIS OF THIS STUDY 
a) Repetitive but not single activation of sensory inputs to NVsnpr in 
physiological [Ca2+]e can elicit rhythmic bursting. 
b) NMDA receptors do play a role in this process. 
6. THE OBJECTIVES OF THIS STUDY WERE: 
a) First to confirm that bursting in NVsnpr'neurons depends on age and [Ca2+]e. 
b) To test in a brainstem slice preparation, the efTects of single and repetitive 
stimulation of the sensory tract on the firing pattern of NVsnpr neurons under 
[Ca2+]e where only few neurons burst spontaneously. 
c) Test the efTects of NMDA receptors agonist and antagonist on the firing pattern 
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Mastication may be triggered by repetitive stimulation of the cortex or of sensory 
inputs, but is patterned by a central pattern generator (CPG) in the brainstem. This, 
CPG may lie in the dorsal part of the principal trigeminal sensory nucleus (NVsnpr) 
where neurons burst repetitively when the extracellular concentration of Ca2+ ([Ca2+]e) 
drops (Brocard et al., 2006). Here we examine the effects of repetitive stimulation of 
sensory afferents in the descending tract on activity of NV snpr neurons recorded 
extracellularly in vitro under physiological [Ca2+]e (1.6mM). Most spontaneously 
active cells had either a tonic or a bursting firing pattern. Stimulation of the tract 
altered burst duration and/or frequency in bursting cells and firing frequencies in most 
tonic cells. In 28% of the latter, the firing pattern switched to rhythmic bursting. This 
effect could be blocked by APV and mimicked by local application of NMDA. 
Rhythm indices (Sugihara et al., 1995) ca1culated to assess rhythmicity were negative 
(non-rhythmic) in aIl cases before stimulation and significant (2: 0.01; rhythmic) after 
stimulation. The mean and median (±SE) bursting frequency were 8.32±0.72Hz and 
6±0.5Hz respectively. In 6 cases where firing switched to rhythmic, two units were 
recorded and cross correlation analysis showed that, in aIl pairs, the units became 
synchronized after stimulation. Optimal stimulation parameters for eliciting rhythmic 
bursting consisted in 500ms trains of pulses delivered at 40 - 60Hz. Together, our 
results show that repetitive stimulation of sensory afferents in vitro can elicit 
masticatory-like rhythmic bursting in NVsnpr neurons at physiological [Ca2+]e. 
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INTRODUCTION 
The basic pattern of mastication is generated by a central pattern ,generator (CPG) 
located in the brainstem in response to tonic inputs from higher centers or from 
trige minaI sensory afferents (Dellow & Lund, 1971; Lund & Dellow, 1971). Neither 
input is essential because CPGs can pro duce repetitive movements in absence of inputs 
from either the superior centers or sensory afferents (Rossignol et al., 2006 for a 
review). Tonic stimulation of either type of input can activate the masticatory CPG 
even in paralysed animaIs (fictive mastication) (Sumi, 1969; Dellow and Lund, 1971; 
Lund and Dellow, 1971), and this is not unique to mastication, since activation of 
sensory afferents and descending inputs elicit locomotion (Grillner et al., 1981; 
Fleshman et al., 1984; Rossignol, 2000). However, the cellular mechanisms by which 
sustained activation of these inputs is conv,erted into a rhythmic output by the CPG are 
unknown. Our previous work suggests that the dorsal part of the trigeminal main 
sensory nucleus (NVsnpr) may form the core of the masticatory CPG (Tsuboi et al., 
2003; Athanassiadis et al., 2005a; Brocard et al., 2006; Kolta et al., 2007 for a· 
review). NVsnpr receives massive inputs from the masticatory area of the cortex and 
from trigeminal sensory afferents, and neurons of its dorsal part project directly to the 
trige minaI motor nucleus (Travers & Norgren, 1983; Li et al., 1993; Yoshida et al., 
1998; Kolta et al., 2000). The expression of c-Fos (a neuronal marker of activity) 
increases in neurons of dorsal NVsnpr after bouts of fictive mastication (Athanassiadis 
et al., 2005b), and about a third of neurons recorded in there fire rhythmically in phase 
with trigeminal motoneurons during fictive mastication (Tsuboi et al., 2003). These 
rhythmical neurons receive inputs from sensory receptors that provide important 
feedback during mastication: intraoral touch receptors, periodontal pressoreceptors & 
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muc1es spindles (Tsuboi et al., 2003). In vitro studies have shown that many dorsal 
NVsnpr neurons are intrinsic bursters, and our most recent work has shown that 
repetitive bursting in these cells depends on a persistent sodium conductance (INaP) 
that is voltage dependent and modulated by the extracellular concentration of Ca2+ 
([Ca2+]e). Under physiological [Ca2+]e, (1.6mM) only 18% of neurons could be made 
to burst by depolarizing CUITent injections; however, reducing [Ca2+]e catised a 
progressive increase in the percentage of neurons that burst spontaneously (Brocard et 
al., 2006). Brocard et al. (2006) proposed that sustained activation of inputs to NVsnpr 
causes a fall in [Ca2+]e and that, in tum, activates INaP and triggers rhythmic bursting. 
Decreases of [Ca2+]e associated to sustained or intense neuronal activities have been 
described in the spinal cord (Somjen, 1980; Murase & Randic, 1983); cerebellum 
(Nicholson et al., 1978); cortex (Somjen, 1980); and in hippocampal slices (Benninger 
et al., 1980; Rusakov & Fine, 2003). The objective of this study was to test whether 
repetitive stimulation of sensory afferents to NV snpr at physiological concentrations of 
Ca2+ can elicit rhythmic bursting in these neurons. 
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MATERIALS AND METHODS 
Brain slice preparation 
Sixt Y one Sprague-Dawley rats (13 to 34 days old) were used for this study. 
Retrograde labelling of trigeminal motoneurons was performed prior to slice 
preparation to help positioning the recording electrode in NV snpr. This was done by 
injection of 5-1O~1 of Alexa fluor 488 conjugated cholera toxin (Subunit B) in the 
masseter muscle of cryoanaesthetized rat pups. One to two weeks later, the animaIs 
were decapitated, the brainstem rapidly removed and immersed in oxygenated ice-cold 
(4°C) sucrose-artificial cerebrospinal fluid, [(ACSF) composition in mM: Sucrose 252, 
KCI 3. KH2P04 1.25, MgS04 4, CaCh 0.2, NaHC03 26, D-Glucose 25 bubbled with 
95% O2 and 5% CO2, pH 7.4]. Transverse slices (400llm thick) containing NVsnpr and 
the trigeminal tract were prepared using a vibrato me (Leica, VT100O S, Germany). 
Slices were maintained at 28-32°C in an interface chamber saturated with a humidified 
mixture of 95% O2 ~ 5% CO2. The chamber was perfused with normal ACSF 
(composition in mM: NaCI 125, KCI 3, KH2P04 1.25, MgS04 2.8, CaCh 1.6, 
NaHC03 26, D-Glucose 25) at a rate of Iml/min. The slices were incubated at least Ih 
before the recordings. Four concentrations of CaClz were used during recording of 280 
neurons: physiological level (1.6mM, n: 174, Jones & Keep, 1988); low calcium 
(1.2mM, n: 69) or high calcium (2.4mM, n: 15). In sorne experiments (n: 22), we 
began with Ca2+ free ACSF to facilitate the detection of bursting neurons th en changed 
to physiological concentration in 17 cells. Ca2+ free solutions were prepared by 
equimolar substitution of CaCh with MgCh to maintain the concentration of divalent 
ions constant. Once a bursting unit was detected, the Ca2+ concentration was raised. 
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AlI procedures for dye injections and slice preparation conforrned to national ethics 
committee guidelines and were approved by the institutional animal care committees at 
the Université de Montréal, Canada. 
Electrophysiological recording 
Extracellular recordings were made with conventional borosilicate electrodes (1.0mm 
OD, A-M systems, Inc USA) containing 2.5mM filtered NaCI and an A-M systems 
1800 amplifier. The trigeminal tract was stimulated extracellularly using bipolar 
nichrome electrodes (251lm diam.) positioned close to the recording electrode in 
NVsnpr. The intensity «1.5mA) was set to the minimum required to obtain responses 
for each cell. Pulse duration was 0.25ms. Repetitive stimulation was performed at 
40Hz for aIl cases and assessed at different frequencies (20 to 100Hz) in sorne cases. 
The train duration varied from 100ms to 2s. The data was digitized at 10kHz and 
stored using pClamp 9 (Axon instruments, Molecular Devices Corporation, USA). The 
cells selected for analysis had a stable firing pattern under resting conditions during at 
least 10min of baseline. For each unit, the protocol of stimulation was repeated ten 
times for single pulses and five times for trains, with a minimum of one min between 
each stimulation protocol. 
Drug applications 
D,L-2-amino-5-phosphonovaleric acid, (APV; Sigma-Aldrich) was either bath-applied 
(75JlM) or locally applied (50JlM). N-methyl-D-aspartic acid, NMDA (50JlM; Sigma-
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Aldrich USA) was always locally applied using a Picospritzer II ejection system 
(General Valve) with a patch-like pipette (5Jlm tip diameter). 
Analysis 
Data was analyzed off-line using Spike2 (Cambridge Electronics Division, CED. UK). 
Spike detection and unit discrimination were performed with the template matching 
and wavemark processing tools. Burst detection was performed using the script 
Burst.s2s. Interval histograms, Poststimulus histograms, PSTH and Autocorrelograms 
were generated with Spike2 build-in analysis software. Autocorrelograms were 
performed for all neurons that appeared to change from tonic frring to bursting after 
trigeminal tract stimulation, and for 10 neurons that did not appear to burst. Interval 
histograms were used to set the time bin size of the autocorrelograms (5 to 10ms) as 
described in Lang et al. (1997 and 1999). The peaks and valleys in the 
autocorrelograms were identified if their amplitude exceeded ± 2SD of the baseline 
using the mathematical criteria described in Sugihara et al. (1995). The degree of 
rhythmicity was quantified as the rhythm index (RI), calculated from autocorrelograms 
using the method described by Sugihara et al. (1995). Firing patterns were considered 
to be rhythmic if RI2:0.01. When the autocorrelogram had no recognizable peaks and 
valleys, a value of zero was given to the RIs. The rhythm frequency was defmed as the 
reciprocal of the interval between the start of the autocorrelogram and the frrst peak. 
Alternatively, Fast Fourier Transforms (FFTs) were performed to identify the 
predominant frequency. The RIs and FFTs were carried out with Matlab. AlI statistical 
calculations were run in SigmaStat 3.1 (Systat Soft, California US), and three 
dimensional plots (3D-spline surfaces) were made with Matlab (Mathworks, MA. US). 
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RESULTS 
Age dependency of firing pattern 
Recordings were obtained from 280 neurons spread throughout the entire dorso-
ventral extent of the nucleus. Two main categories of spontaneous firing patterns were 
identified: tonic and bursting (Fig. lA). Tonic units fired single spikes, whereas 
bursting units fired clusters of spikes separated by silent periods. Under physiological 
calcium concentration ([Ca2+]e: 1.6 mM, n: 191) spontaneous bursting was almost non 
existent in animaIs younger than 15 days old, and in agreement with our previous 
findings (Brocard et al., 2006), the proportion of bursting neurons increased with age 
and reached nearly 40% from 17 da ys old (Fig. lB). 
[Ca2+]e dependency of firing pattern 
The [Ca2+]e had a marked effect on the firing pattern. Figure 2 shows the distribution 
of rhythmic and tonically firing neurons recorded under different [Ca2+]e. More than 
90% of cells had a spontaneous bursting pattern in Ca2+ free ACSF, while more than 
90% fired tonically when [Ca2+]e was 2.4mM. From these, 17 were recorded first in 
Ca2+ free ACSF, and it was confirmed that they could burst spontaneously in this 
condition. Twelve of these (71 %) became tonic after increasing [Ca2+]e to 1.6mM. 
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Effect of stimulation of the trigeminal tract on cells firing pattern 
All stimulations were carried out with [Ca2+]e: 1.6mM, and on neurons from rats at 
least 13 days old. Single shocks delivered to the trigeminal tract had 1ittl~ sustained 
effects on the spontaneous firing of NVsnpr neurons, whereas repetitive stimulation 
was effective in 77% of cases. In our sample, 124 neurons fired tonically before 
stimulation, 46 were bursting cells and 21 were silent. These silent cells were detected 
only after stimulation which produced tonic firing that lasted 5.3±1.3s (mean±SE) in 
an 21 cases (Fig 3A). Of the 124 tonically firing units, 52 (42%) increased their fi ring 
frequency (from 6.2±O.8Hz to 28.5±3.2Hz) for a similar period (4.4±O.6s) after 
stimulation (Fig 3B). Inhibition of fi ring lasted in average 2s±O.5 and were observed in 
17 cens (14%) (Fig 3C). Twenty cells (16%) did not respond to stimulation. Finany, in 
35 cells (28%),. stimulation caused tonic firing to bec orne rhythmic bursting in an 
average frequency of 8.3±O.7Hz for about 2.2±O.5s. The effects on burst fi ring units 
(n: 46) were also both excitatory and inhibitory (Fig. 4). In 8 cens (17%) stimulation 
caused an increase of burst frequency from 5.7±1.8Hz to 21.5±5.1Hz that lasted 
1.5±O.56s (Fig. 4A). In 10 cases (22%) stimulation increased burst duration from 
37±8.2ms to 180.4±43.6ms for about 3.7±1.5s (Fig. 4B). Bursting was suppressed in 
four neurons (9%) (Fig. 4C) for 1.7±O.36 and burstlng was unchanged in 24 cases 
(52%). 
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Distribution of neurons and effects of repetitive stimulation 
Different recording and stimulation positions were assessed. Figure 5 shows the 
distribution of the effects obtained according to their recording locations. Effects were 
more readily observed when cells were recorded from the dorsal half of the nucleus 
and the stimulation electrode was located "vis-à-vis" the recording electrode. 
Stimulation of the dorsal portion of the tract produced an effect in 87% of cases, 
whereas stimulation of the ventral portion of the tract had an effect in only 13% of 
cases. Excitatory effects (on tonie firing and bursting neurons) were mostly seen in 
neurons of the dorsal half whereas inhibitory effects were majoritarily observed in the 
middle part of the nucleus. Conversions from tonic to burst firing were exclusively 
observed in the dorsal part of the nucleus. Cases where stimulation had no effect were 
spread throughout the nucleus. 
Analysis of conversion from tonie to burst firing 
Analyses were carried out on the 35 units that were initially identified by visual 
inspection of data. The neuron shown in figure 6 was first identified as a bursting cell 
in 'Ca2+ free ACSF (Panel A, 3rd trace). The two top traces show action potentials 
(Events) and bursts detected by the acquisition software (Spike 2). Even though 
bursting is somewhat unregular under this condition, a RI of 0.9 wasca1culated from 
the autocorrelogram (middle) which shows distinct peaks and a dominating frequency 
of 6.5Hz in the FFT analysis (bottom). Raising [Ca2+]e to the physiologieal 
concentration of 1.6mM caused the cell to fire tonically (Panel B). The 
autocorrelogram was fiat and the RI droped to -0.25. However, repetitive stimulation 
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of the trigeminal tract (40Hz for ls) switched the firing pattern to rhythmic bursting 
(Panel C). Bursting was even more regular than in zero Ca2+. The RI increased to 3.0, 
but the dominant frequency remained at 6.5Hz. 
AlI neurons that converted from tonic firing to bursting (n: 35) had RIs that were 
negative prior to repetitive stimulation of the tract (Fig. 7 A) and aIl RIs became 
significant after stimulation (Fig. 7B) (mean: 1.9±O.17). As a control, 10 neurons were 
selected from neurons that were tonically excited (5) or inhibited (5) by stimulation. In 
aIl cases, the RIs were negative before & after stimulation. 
Post stimulus bursting frequencies calculated from the autocorrelograms and 
from FFTs gave similar results (mean of 8.75±O.78Hz calculated on autocorrelograms 
and 8.32±O.72Hz using FFT). The median was 6.25Hz using both methods. Figure 8 
shows the distribution of the frequencies calculated with FFTs. These ranged from 1 to 
20 Hz. Among the 35 neurons that began to fire rhythmically after stimulation, two 
units could be clearly detected in the raw data in 6 cases. In such cases, 
crosscorrelograms were also computed. Figure 9 shows an example where two units 
were recorded, one with a large action potential that fired tonically and one with a 
smaller action potential that fired in bursts. There was no clear temporal relationship 
between firing of both units before stimulation as shown in the fiat crosscorrelogram 
(Fig. 9A, bottom). However, stimulation of the tract caused firing of the large unit to 
become rhythmic and bursts were synchronized in both units at 8.3Hz (Fig. 9B). In this 
case, the latency between firing in the two units was 10 ± 1.5ms as shown in the 
crosscorrelogram (arrowhead, bottom, panel B). Synchronization between two units 
was also observed in the other 5 cases and the average latency between units 
calculated in the crosscorrelograms was 9.17 ± 1.54ms. 
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Optimal parameters of stimulation for the initiation of rhythmic activity 
Stimulation parameters were varied in frequency (20-100Hz) and duration (100-
2000ms) to identify the optimal conditions for burst generation in 9 cases of 
conversion from tonie to bursting (Fig. 10). The Z axis in the figure represents the 
number of neurons that burst for each combination of frequency (X) and duration (Y). 
A rhythmic bursting case is represented only once in each different combination of 
parameters so the Z axis represents the number of cells that burst after tract stimulation 
in this combination of parameters. The peak: in the figure was found for the 
combination 40 to 60Hz in the frequency domain and 500ms in duration. That was the 
combination used for most cases. 
Role of NMDA receptors in rhythm generation 
The contribution of NMDA receptors to changes from tonie to rhythmic bursting 
was assessed with lbcal applications of NMDA and APV. Figure 11A shows tonie 
firing of a cell in control conditions ([Ca2+]e: 1.6mM). About 8s after NMDA 
application, the cell began to burst (5Hz), (Fig. liB) but firing returned to a tonie 
pattern again with the washout of NMDA (Fig. 11C). NMDA was tested in 22 of the 
191 cases recorded in physiological [Ca2+]e. In ha If of these, an increase of tonie firing 
was observed, but rhythmic bursting was induced in 7 cases (33%). No effects were 
seen in 2 cases. In 2 of 22 cases (6%) rhythmic bursting could be obtained with 
NMDA application and also with stimulation of the trigeminal tract. 
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We also tested the ability of APV to block rhythmic bursting caused by stimulation of 
the tract in 15 neurons in physiological [Ca2+]. In 9 of these cases (60%) APV 
completely blocked the effect of stimulation. Figure 12 shows an ex ample of a tonie 
firing neuron (Fig. 12A) that burst rhythmically after repetitive stimulation of the 
trigeminal tract (Fig. 12B). Local application of APV (Fig. 12C) prevented the change 
in firing pattern, which recovered after washout (FIG. 12D). 
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DISCUSSION 
The goal of this study was to assess the effects of repetitive stimulation of peripheral 
inputs on the firing pattern of NVsnpr neurons in vitro under physiological [Ca2+]e, and 
especially to see if it is capable of eliciting rhythmic bursting within the frequency 
range of mastication, and of modifying spontaneous bursting patterns. 
Trigeminal primary afferents make monosynaptic glutamatergic connections with 
neurons in NVsnpr (Clements & Beitz, 1991; Bae et al., 2000; Waite et al., 2000), so 
we were not surprised that the majority of the short-Iatency and tonic effects observed 
were excitatory. The few inhibitory responses are probably due to activation of 
inhibitory neurons that have been found within NV snpr and surrounding areas (Li et 
al., 1996; Turman & Chandler, 1994). We have shown that stimulation of adjacent 
trigeminal and reticular areas elicit GABAA and glycine sensitive IPSPs in NVsnpr 
(Bourque & KoIta, 2001; Athanassiadis et al., 2005a). 
Effects on bursting 
Neurons that fired ~pontaneously in 1.6mM [Ca2+]e were found throughout the 
nucleus, but only those in the dorsal 3/5th were affected by the stimulation (Fig. 5). 
About 1/3rd fired in bursts, and stimulation increased burst frequency or duration of 
about 40% of these. 2/3rds fired tonically, and in about 30% of these, firing became 
rhythmic after stimulation. Many of these transformed neurons were found to be in the 
most dorsal portion of the nucleus. We showed that conversion from tonic firing to 
rhythmical bursting during stimulation was due to the release of glutamate, because it 
was blocked by APV and mimicked by NMDA application. 
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Stimulus-evoked rhythmical firing in NVsnpr has been reported previously in vivo by 
Tsuboi et al. (2003). They recorded extracellular neuronal activity during repetitive 
stimulation of the masticatory area of the cerebral cortex of decerebrate and paralyzed 
rabbits, and found a group of neurons that fired bursts in phase with fictive 
mastication. This group was located in the rostral and dorsal 1/3 of the nucleus, a 
region that projects to the trigeminal motor nucleus (Li et al., 1993; KoIta et al., 2000). 
Tsuboi et al. (2003) showed that these rhythmical masticatory neurons receive sensory 
inputs from muscle spindle, periodontal and mucosal afferents. 
Three in vitro studies described intrinsic rhythmic fluctuations of membrane potential 
and associated bursting in NV snpr of gerbils (Sandler et al., 1998) and rats 
(Athanassiadis et al., 2005a; Brocard et al., 2006). Brocard et al. (2006) showed that 
bursting depended on a persistent sodium CUITent (INaP). Recently, persistent sodium 
CUITents have also been described in spinal cord neurons linked to pattern generation in 
locomotion (Tazerart et al., 2007; Zhong et al., 2007). 
Link to mastication and whisking 
Brocard et al. (2006) found that both INaP and bursting were potentiated by reducing 
[Ca2+]e. They showed that the proportion of NVsnpr neurons that burst spontaneously 
in low [Ca2+]e increased dramatically in the second postnatal week, in parallel with 
maturation of INaP, and with the appearance of mastication in rat pups (Westneat & 
Hall, 1992). Our results are consistent with this because bursting whether spontaneous 
or evoked by stimulation was very low in animaIs younger than 15 days. 
Furthermore, stimulation was caITied out with [Ca2+]e at 1.6 mM, which is at the high 
end of the physiological range. Resting [Ca2+]e in rat cerebrospinal fluid ranges from a 
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high of about 1.6 mM in the fetus to 1.2 mM in adults (Jones and Keep, 1988). Our 
finding that bursting activity can be modified or evoked in vitro by synaptic inputs 
from trigeminal sensory afferents provides further support to the hypothesis that 
NV snpr rhythmic activity may be an essential component of the masticatory central 
pattern. 
Westneat and Hall (1992) showed that the frequency of EMG bursts in the jaw 
muscles of freely behaving rats ranged from 5 to Il Hz with a mean of 8.5Hz, which 
corresponds very well to the burst frequency of the great majority of our neurons. 
The burst frequency of 6 of our neurons was above 12 Hz, suggesting that these could 
correspond to the "non-masticatory" rhythmic neurons of Tsuboi et al. (2003). These 
were found ventral to the masticatory neurons,· and fired bursts at 2-3 times the 
masticatory rate that were not phase-linked to the masticatory motor pattern. They had 
receptive fields on the lips and face, suggesting that they could be part of a ePG for 
whisking, which has a frequency range of 5-15 Hz in rats (Berg and Kleinfeld, 2003). 
NVsnpr, particularly the ventral part, projects to facial motoneurons in NVII 
(Pinganaud et al., 1999; Li et al., 1997). 
The masticatory ePG can be activated by tonie inputs from the motor cortex, and from 
the oral cavity (Sumi, 1969; Dellow and Lund, 1971; Lund and Dellow, 1971). Both 
project monosynaptically to NVsnpr, and both are glutamatergic. However, the brief 
trains of high frequency pulses that produce intense corticobulbar or corticospinal 
volleys and strong short-Iatency muscle twitches in jaw or limb muscles never trigger 
mastication. Instead, mastication is produced by trains of intermediate frequency (20-
100Hz; Lund and Dellow, 1971; Huang et al., 1989). The optimum stimulation 
frequency found to be most efficient in this study (40-60 Hz) was in the middle of this 
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range. In VlVO, trains can last up to 10 sec and still evoke mastication, but in our 
preparation, the optimal train duration was about 500 ms. This may be due to the fact 
that the sensory fibers have been severed from their ceIl bodies, and so prolonged 
stimulation may deplete transmitter stores. 
Synchronization and phase-coupling 
Synchronization of neuronal firing and phase-coupling are fundamental features of 
CPGs (Grillner, 2006). We were able to examine these in 6 pairs of spontaneously-
firing neurons that fired in bursts after stimulation. In aIl cases, the bursts were of the 
same frequency after stimulation, and they were phase-coupled. There was also a 
tendency for spikes of one to occur about 9ms after the other. The relatively long 
latency between the spikes of the two units argues against direct coupling through gap 
junctions and even direct excitatory projections from one neuron to the other. 
However, NVsnpr is strongly linked to interneurons in adjacent structures: the 
peritrigeminal area surrounding NVmot, NVmot itself, and nucleus pontis caudalis, 
and these are similarly interconnected by polysynaptic pathways which however, 
follow relatively high frequencies (e.g. 50-70 Hz; Bourque and Kolta, 2001; McDavid 
et al., 2006; Athanassiadis, 2005a). We presume that these circuits participate in the 
pattern generating proéess, and indeed, many neurons in these nuclei fire rhythmically 
during fictive mastication. However, very few have intrinsic bursting properties, and 
neurons firing in the two phases Uaw opening, jaw closing) are intermingled. This is 
unlike NVsnpr, in which most of the neurons that fire during closing occupy the most 
dorsal and anterior part of the nucleus, while opener neurons are clustered more 
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posteriorly and ventrally (Tsuboi et al., 2003). Our finding of burst phase coupling 
between adjacent neurons is consistent with this. 
Functional Implications 
Rhythmic bursting in NVsnpr neurons is initiated by activation of INaP , and can only 
occur when the membrane potential is between -59 and -41mV, which corresponds to 
activation range of this persistent sodium current (Azouz et al., 1996; Su et al., 2001; 
Del Negro et al., 2002; Darbon et al., 2004; Brocard et al., 2006). We have proposed 
that sustained activity of depolarizing afferent inputs to the nucleus not only brings the 
level of depolarization into the INaP range, but also causes the Ca2+ depletion that is 
necessary to activate it (Brocard et al., 2006; Kolta et al., 2007). Sustained neural 
activity does lead to large drops in [Ca2+]e in other systems (e.g. Yue et al., 2005). 
Within the INaP range, the frequency of bursting depends on the level of 
depolarization, providing a mechanism by which the frequency of masticatory 
movements can be adjusted by sensory feedback to the changing mechanical properties 
of the food as it is broken down by the teeth (Th ex ton et al., 1980; Peyron et al., 1997; 
Lund & Kolta, 2006). 
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CONCLUSION 
Neurons of dorsal NVsnpr have several properties that suggest a major role in 
tnasticatory pattern generation. They fire rhythmically during fictive mastication, 
project to trigeminal, facial and hypoglossal motor nuclei, and to other premotor 
regions. In addition, they have an intrinsic capacity to burst that depends in part on a 
persistent sodium CUITent. This study provides evidence that tonic release of glutamate 
by terminaIs of trigeminal sensory afferents can trigger and modify rhythmic bursting, 
and suggest that it does so by a combination of depolarization and reduction of the 
extracellular concentration of calcium. 
59 
ACKNOWLEDGEMENTS 
This work was supported by the Canadian Institutes of Health Research (CIHR) and an 
infrastructure grant from the FRSQ. APB was supported by a fellowship from the 
Groupe de Recherche sur le Système Nerveux Central du FRSQ (GRSNC). We are 
grateful to Dorly Verdier, Louise Grondin and Christian Valiquette for their technical 
assistance. 
ABBREVIATIONS 
ACSF, artificial cerebrospinal fluid; APV, D-( -)2 amino-5-phosphovaleric acid; 
[Ca2+]e, extracellular concentration of calcium; CPG, central pattern generator; FFf, 
fast Fourier transform; INaP, sodium persistant conductance; NMDA, N-methyl-D-




Athanassiadis T, Westberg KG, Olsson KA & Kolta A. (2005a). Physiological 
characterization, localization and synaptic inputs of bursting and nonbursting 
neurons in the trigeminal principal sensory nucleus of the rat. The European 
journal ofneuroscience 22, 3099-3110. 
Athanassiadis T, Olsson KA, Kolta A & Westberg KG. (2005b). Identification of c-
Fos immunoreactive brainstem neurons activated during fictive mastication in 
the rabbit. Exp Brain Res 165,478-489. 
Azouz R, Jensen MS & Yaari Y. (1996). lonic basis of spike after-depolarization and 
burst generation in adult rat hippocampal CAl pyramidal cells. The Journal of 
physiology 492,211-223. 
Bae YC, Thn HJ, Park MJ, Ottersen OP, Moritani M, Yoshida A & Shigenaga y. 
(2000). Identification of signal substances in synapses made between primary 
afferents and their associated axon terminaIs in the rat trigeminal sensory 
nuclei. J Comp Neurol 418,299-309. 
1 
Benninger C, Kadis J & Prince DA. (1980). Extracellular calcium and potassium 
changes in hippocampal slices. Brain research 187, 165-182. 
Berg RW & Kleinfeld D. (2003). Vibrissa movement elicited by rhythmic electrical 
micro stimulation to motor cortex in the aroused rat mimi cs exploratory 
whisking. Journal ofneurophysiology 90, 2950-2963. 
Hourque MJ & Kolta A. (2001). Properties and interconnections of trigeminal 
intemeurons of the lateral pontine reticular formation in the rat. Journal of 
neurophysiology 86,2583-2596. 
Brocard F, Verdier D, Arsenault I, Lund JP & Kolta A. (2006). Emergence of intrinsic 
bursting in trige minaI sensory neurons parallels the acquisitidn of mastication 
in weanling rats. Journal ofneurophysiology 96, 2410-2424. 
Clements JR & Beitz AJ. (1991). An electron microscopic descripti6n of glutamate-
like immunoreactive axon terminaIs in the rat principal sensory and spinal 
trigeminal nuclei. J Comp Neurol 309, 271-280. 
Darbon P, Yvon C, Legrand JC & Streit J. (2004). INaP underlies intrinsic spiking and 
rhythm generation in networks of cultured rat spinal cord neurons. The 
European journal of neuroscience 20, 976-988. 
Del Negro CA, Koshiya N, Butera RJ, Jr. & Smith Je. (2002). Persistent sodium 
cUITent, membrane properties and bursting behavior of pre-botzinger complex 
inspiratory neurons in vitro. Journal ofneurophysiology 88,2242-2250. 
62 
Dellow PG & Lund JP. (1971). Evidence for central timing of rhythmical mastication. 
The Journal ofphysiology 215, 1-13. 
Fleshman JW, Lev-Tov A & Burke RE. (1984). Peripheral and central control of 
flexor digitorum longus and flexor hallucis longus motoneurons: the synaptic 
basis of functional diversity. Exp Brain Res 54, 133-149. 
Grillner S, McClellan A & Perret C. (1981). Entrainment of the spinal pattern 
generators for swimming by mechano-sensitive elements in the lamprey spinal 
cord in vitro. Brain research 217, 380-386. 
Grillner S. (2006). Biological pattern generation: the cellular and computationallogic 
ofnetworks in motion. Neuron 52, 751-766. 
Huang CS, Hiraba H, Murray GM & Sessle BJ. (1989). Topographical distribution and 
functional properties of cortically induced rhythmical jaw movements in the 
monkey (Macaca fascicularis). Journal of neurophysiology 61, 635-650. 
Jones HC & Keep RF. (1988). Brain fluid calcium concentration and response to acute 
hypercalcaemia during development in the rat. The Journal ofphysiology 402, 
579-593. 
Kolta A, Westberg KG & Lund JP. (2000). Identification of brainstem interneurons 
projecting to the trigeminal mot or nucleus and adjacent structures in the rabbit. 
J Chem Neuroanat 19, 175-195. 
Kolta A, Brocard F, Verdier D & Lund JP. (2007). A review of burst generation by 
trigeminal main sensory neurons. Archives of oral biology 52, 325-328. 
Lang EJ, Sugihara 1 & Llinas R. (1997). DifferentiaI roles of apamin- and 
charybdotoxin-sensitive K+ conductances in the generation of inferior olive 
rhythmicity in vivo. J Neurosci 17, 2825-2838. 
Lang EJ, Sugihara l, Welsh JP & Llinas R. (1999). Patterns of spontaneous purkinje 
cell complex spike activity in the awake rat. J Neurosci 19,2728-2739. 
Li YQ, Takada M & Mizuno N. (1993). Identification of premotor interneurons which 
project bilaterally to the trigeminal motor, facial or hypoglossal nuclei: a 
fluorescent retro grade double-Iabeling study in the rat. Br.ain research 611, 
160-164. 
Li YQ, Takada M, Kaneko T & Mizuno N. (1996). GABAergic and glycinergic 
neurons projecting to the trigeminal motor nucleus: a double labeling study in 
the rat. The Journal of comparative neurology 373, 498-510. 
Li YQ, Takada M, Kaneko T & Mizuno N. (1997). Distribution ofGABAergic and 
glycinergic premotor neurons projecting to the facial and hypoglossal nuclei in 
the rat. The Journal of comparative neurology 378, 283-294. 
63 
Lund IP & Dellow PG. (1971). The influence of interactive stimuli on rhythmical 
masticatory movements in rabbit. Archives of oraL bioLogy 16, 215-223. 
Lund IP & Kolta A. (2006). Generation of the central masticatory pattern and its 
modification by sensory feedback. Dysphagia 21, 167-174. 
McDavid S, Lund IP, Auclair F & Kolta A. (2006). Morphological and 
immunohistochemical characterizationof interneurons within the rat trigeminal 
motor nucleus. Neuroscience 139, 1049-1059. 
Murase K & Randic M. (1983). Electrophysiological properties of rat spinal dorsal 
horn neurones in vitro: calcium-dependent action potentials. The JournaL of 
physioLogy 334, 141-153. 
Nicholson C, ten Bruggencate G, Stockle H & Steinberg R. (1978). Calcium and 
potassium changes in extracellular microenvironment of cat cerebellar cortex. 
JournaL ofneurophysioLogy 41,1026-1039. 
Peyron MA, Maskawi K, Woda A, Tanguay R & Lund IP. (1997). Effects of food 
texture and sample thickness on mandibular movement and hardness 
assessment during biting in man. J Dent Res 76, 789-795. 
Pinganaud G, Bernat l, Buisseret P & Buisseret-Delmas C. (1999). Trigeminal 
projections to hypoglossal and facial motor nuclei in the rat. The JournaL of 
comparative neuroLogy 415,91-104. 
Rossignol S. (2000). Locomotion and its recovery after spinal lllJury. Curr Op in 
NeurobioL 10, 708-716. 
Rossignol S, Dubuc R & Gossard IP. (2006). Dynamic sensorimotor interactions in 
locomotion. PhysioL Rev 86,89-154. 
Rusakov DA & Fine A. (2003). Extracellular Ca2+ depletion contributes to fast 
activity-dependent modulation of synaptic transmission in the brain. Neuron 
37,287-297. 
Sandler VM, Puil E & Schwarz DWF. (1998). Intrinsic response properties of bursting 
neurons in the nucleus principalis trigemini of the gerbil. Neuroscience 83, 
891-904. 
Somjen GG. (1980). Stimulus-evoked and seizure-related responses of extracellular 
calcium activity in spinal cord compared to those in cerebral cortex. JournaL of 
neurophysioLogy 44,617-632. 
Su H, Alroy G, Kirson ED & Yaari Y. (2001). Extracellular calcium modulates 
persistent sodium current-dependent burst-firing in hippocampal pyramidal 
neurons. J Neurosci 21, 4173-4182. 
) 
64 
Sugihara l, Lang EJ & Llinas R. (1995). Serotonin modulation of inferior olivary 
oscillations and synchronicity: a multiple-electrode study in the rat cerebellum. 
The European journal ofneuroscience 7,521-534. 
Sumi T. (1969). Sorne properties of ~ortically-evoked swallowing and chewing In 
rabbits. Brain research 15, 107-120. 
Tazerart S, Viemari JC, Darbon P, Vinay L & Brocard F. (2007). Contribution of 
Persistent Sodium CUITent to Locomotor Pattern Generation in Neonatal Rats. 
Journal of neurophysiology. 
Thexton AJ, Hiiemae KM & Crompton A W. (1980). Food consistency and bite size as 
regulators of jaw movement during feeding in the cat. Journal of 
neurophysiology 44, 456-474. 
Travers JB & Norgren R. (1983). Afferent projections to the oral motor nuclei in the 
rat. The Journal of comparative neurology 220, 280-298. 
Tsuboi A, Kolta A, Chen CC & Lund JP. (2003). Neurons of the trige minaI main 
sensory nucleus participate in the generation of rhythmic motor patterns. The 
European journal ofneuroscience 17,229-238. 
Turman JE, Jr. & Chandler SH. (1994). Immunohistochemical evidence for GABA 
and glycine-containing trigeminal premotoneurons in the guinea pig. Synapse 
18, 7-20. 
Waite PM, Ho SM & Henderson TA. (2000). Afferent ingrowth and onset of activity 
in the rat trigeminal nucleus. The European journal of neuroscience 12, 2781-
2792. 
Westneat MW & Hall WG. (1992). Ontogeny of feeding motor patterns in infant rats: 
an electromyographic analysis of suckling and chewing. Behav Neurosci 106, 
539-554. 
Yoshida A, Hiraga T, Moritani M, Chen K, Takatsuki Y, Hirose Y, Bae YC & 
Shigeriaga Y. (1998). Morphologic characteristics of physiologically defined 
neurons in the cat trigeminal nucleus principalis. J Comp Neurol 401, 308-328. 
Yue C, Remy S, Su H, Beck H & Yaari Y. (2005). Proximal persistent Na+ channels 
drive spike afterdepolarizations and associated bursting in adult CAl pyramidal 
cells. J Neurosci 25, 9704-9720. 
Zhong G, Masino MA & Harris-Warrick RM. (2007). Persistent sodium currents 
participate in fictive locomotion generation in neonatal mouse spinal cord. J 
Neurosci 27, 4507-4518. 
65 
FIGURE LEGENDS 
Figure 1: Patterns of spontaneous activity. A. On top, trace of two bursting cells and 
amplification of a burst (inset). Below, a typical neuron that fires tonically a train of 
single action potentials as illustrated in the inset. B. Percentages of tonic and 
bursting neurons of aU animaIs recorded in physiological [Ca2+]e: 1.6mM (N: 191) at 
different ages (13 days and more). 
Figure 2: Percentages of tonic and bursting neurons at different [Ca2+]e (N: 280) of 
13 days old and more. Numbers above the histograms indicate the number of 
neurons. 17 neurons were recorded in Ca2+ free ACSF and in 1.6mM. 
Figure 3: Effects of repetitive stimulation of the trigeminal tract on silent and 
tonically firing NVsnpr neurons. Excitatory effects included activation of silent units 
(A. n: 21, 11%) and long-lasting increases of tonic firing rate (B. n: 52, 42%). 
Inhibition was also of long duration (C. n: 17, 14%). In sorne cases stimulation 
caused tonic firing to become rhythmic for a short period (D. n: 35, 28%). 
Figure 4: Effects of stimulation on spontaneously bursting neurons A. Increase of 
burst frequency (n: 8, 17%). B. Increase of burst duration (n: 10, 22%). C. Inhibiton 
of bursting (n: 4, 9%). 
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Figure 5: Localisation of the effects of repetitive stimulation of the trigeminal tract 
(dorsoventral aspect). The majority of the excitatory responses (black upright 
triangles and white circles) occurred in the dorsal half of the NVsnpr, as did 
conversion from tonic to burst firing (crosses). The inhibitory effects (black 
downward triangles and black circles) were more frequent in the middle of the 
nucleus and the cases were the stimulation had no effect were spread throughout the 
nucleus (white squares and white triangles). 
Figure 6: Analysis of burst firing units. The third trace from the top shows the raw 
records, the traces above show spikes (Events) and bursts (Bursts) detected by the 
software. The middle part of each panel represents the autocorrelogram (bin size is 
lOms), while the bottom graphs show the fast fourier transforms. A. Ca2+ free ACSF. 
B. [Ca2+]e (1.6mM) in the perfusing ACSF. C. Stimulation of the trigeminal tract 
switches the firing pattern back to rhythmic bursting. 
Figure 7: Rhythm index distribution. In aU 35 cases that changed firing pattern after 
stimulation, the rhythm indices were negative before stimulation (A) and above 
significancy level (0.01) after stimùlation (B) ranging from 0.56 to 3.9. The average 
RI after stimulation was 1.90±O.17. The median is 2±O.4. 
Figure 8: Frequency of the bursts elicited by repetitive stimulation calculated from 
the Fourier transform analysis (FFT). 
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Figure 9: Synchronization of two units after repetitive stimulation. A. In the control 
condition a large neuron (a) fires tonically 9Hz and a small neuron (b) bursts at 4Hz. 
The crosscorrelation shows that the two units fire asynchronously (bottom). B. 
800ms after repetitive stimulation of the trigeminal tract, the two neurons fire in 
rhythmic bursts that are synchronous. The first peak in the crosscorrelogram at lOms 
(arrowhead) indicates the latency between firing of the 2 units. Bursting frequency, 
ca1culated from the autocorrelograms was 8.3Hz in both cases. 
Figure 10: Effects of stimulation parameters on probability of bursting. The arrow 
indicates the combination (40-60Hz, 500ms) that caused a maximal number of cells 
to burst (6/9). 
Figure 11: Effect of NMDA application. Upper trace: Continuous recording of a cell 
before, during and after local application of NMDA (Black bar). Three periods are 
shown on an expanded time scale in the panels below together with the action 
potentials (Events) and bursts detected by the software. A. Before application of 
NMDA the cell fires tonically. B.Tonic firing (A) became rhythmic 8s after the 
application of NMDA. C. Nearly one min of constant perfusion with ACSF reversed 
the effect. 
Figure 12: Rhythmic bursting involves NMDA receptors. A cell that fires tonically 
in physiological [Ca2+]e: 1.6mM (A) changes its firing pattern to rhythmic bursting 
after repetitive stimulation of the trigeminal tract (B). Local application of APV 
pre vents this change from occurring (C). The effect of stimulation is recovered 30s 
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The data obtained from studies conducted in our lab during the last years suggest 
that NV snpr is an interesting candidate to form the core of the CPG for mastication. 
One of the supporting evidence to this hypothesis is that we have found cells that burst 
rhythmically and intrinsically when the [Ca2+]e diminishes. This rhythmical bursting 
relies on a persistent Na+ conductance (INaP) that is modulated by [Ca2+]e. Our general 
hypothesis is that the level of activity of afferent fibers to the nucleus is instrumental 
and produces fluctuations of [Ca2+]e which will help activate INaP and elicit rhythmic 
bursting activity in NVsnpr through activation of INaP (Brocard et al., 2006). Thus, 
the main objective of this study was to test whether repetitive stimulation of afferent 
fibers can trigger rhythmic bursting in NV snpr neurons in physiological concentrations 
ofCa2+. 
1. The pattern of activity of NVsnpr neurons depends on the age of the animais 
As Brocard et al. (2006), we have found neurons that [Ife rhythmically even in 
presence of Ca2+, [Ca2+]e (1.6mM) and observed that the number of cases was 
particularly low in young animaIs and increased with age as reported previously. 
Brocard et al. (2006) reported a number of age-dependent changes in membrane 
properties such as input resistance, membrane time constant, duration of the after-
hyperpolarization, (AHP), time dependent inward rectification, amplitude of the after-
depolarization, (ADP), and rheobase. Sorne of theses changes such as lowering in 
input resistance and larger ADP could be related to morphological modifications 
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observed during development such as cell growth and increase in membrane channel 
density (Jacquin et al., 1996; Cameron et al., 2000). 
For instance, bursting cells are normally larger than tonic firing cells and therefore 
have a lower input resistance (Larkman & Mason, 1990; Schwindt et al., 1997; 
. Brocard et al., 2006). However, NVsnpr neurons develop features that can only be 
explained through changes either in composition or activation of particular membrane 
conductances. First, rheobase decreases with age indicating that NV snpr neurons 
become more excitable in older animaIs (Brocard et al., 2006). This could be due to a 
decrease in activation threshold of Na+ channels or an increase in Na+ currents such as 
INaP (Brocard et al., 2006; Gao & Ziskind-Conhaim, 1998; Martin-Caraballo & Greer, 
2000)'. Brocard et al. (2006) showed that the emergence of repetitive bursting ln 
NVsnpr takes place around the second post-natal week and could be due to 
subthreshold activation of prominent INaP conductances (Crill, 1996). The age in 
which the emergence of bursting ability appears has been weIl documented in a 
number of studies. In neocortex and ventrobasal thalamus rhythmic bursting appears 
at the end of the second post-natal week (Franceschetti et al., 1993; Kasper et al., 
1994a, b; Perez Velazquez & Carlen, 1996) whereas in the Pre-Botzinger complex in 
the brainstem (Del Negro et al., 2002; Del Negro et al., 2005) it appears earlier (first 
postnatal week). 
2. The pattern of activity of NVsnpr neurons depends on [Ca2+]e 
ln NVsnpr, bursting does not only depend on the emergence of INaP but also on 
[Ca2+]e. As we have seen in this and previous work (Brocard et al., 2006) bursting 
persists in absence of Ca2+ and is ev en potentiated by removal of [Ca2+]e. The effect of 
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[Ca2+]e on bursting in NVsnpr persist with aging at least up to 30 days (Brocard et al., 
2006) in contrast to other neurons like pyramidal cells where this dependency on 
[Ca2+]e is only transitory (disappears around the end of the third week) (Chen et al., 
2005). The concentration of Ca2+ in the cerebrospinal fluid gradually drops from 
1.6mM in fetal rat to 1.2mM in adult rat (Jones & Keep, 1988). This suggests that 
developmentally-related fluctuations in [Ca2+]e might also contribute to changes in cell 
excitability and activation of INaP conductances. Interestingly bursting appears around 
the second postnatal week, in parallel to the emergence of masticatory jaw movements 
in the rat (Westneat & Hall, 1992). 
3. Rhythm analysis 
Our results indicate that the frequency of bursting in the cases of conversion is 
consistent with the frequency of jaw movements observed in adult animaIs (Westneat 
& Hall, 1992). We observe that this frequency is quite particular to mastication since, 
the frequency of other rhythmic processes such as respiration (0.1-0.8Hz) (Suzue, 
1984; Rybak et al., 2003; Potts et al., 2005; Fisher et al., 2006; Janczewski & 
Feldman, 2006) or deglutition (0.1 to 0.5Hz)(J ean, 2001; Kogo et al., 2002) fall in 
different ranges. Intrinsic bursting involving INaP can underly very different rhythmic 
activities in other systems than ours (Su et al., 2001; Bikson et al., 2002; van 
Drongelen et al., 2006) suggesting that the frequency of bursting in NV snpr neurons 
obtained after stimulation of the trigeminal tract is not due to invariant intrinsic 
properties but is related to mastication. 
,! 
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4. Synchronization of NV snpr neurons 
The role of synchronization is to provide a temporally correct pattern for NVmot 
activity during mastication. We have observed that in aIl cases of conversion where 
two units were detected, their frring became synchronous. In the example case shown 
in the article two neurons become synchronous after trigeminal stimulation. Different 
mechanisms could take account for the initiation of rhythmic activities and 
synchronization of bursting units. Recent experimental data from our lab suggests that 
trigeminal stimulation produces plateau potentials superimposed to an IPSP (Verdier et 
al., 2007). This IPSP occurs normally at a shorter latency and a lower stimulation level 
than the plateau potential. It delays the plateau. This suggests that inhibitory effects of 
trigeminal stimulation can shape the plateau. Both plateau potentials and rhythmic 
bursting in NVsnpr depend on the activation of INaP. We suggest that inhibitions 
could also be underlying synchronization of neuron frring, as has been observed in 
other systems (Van Vreeswijk et al., 1994; Elson et al., 2002). Alternatively, a glial 
mechanism could underly cell synchronization (CorneIl-BeIl & Finkbeiner, 1991; 
Suadicani et al., 2004; Scemes & Giaume, 2006). Trigeminal stimulation could 
activate glial cells syncitia in NVsnpr. It is well known that glial cells form extended 
syncitia of coupled cells in which calcium waves can propagate through GAP 
junctions (Corne Il-Bell & Finkbeiner, 1991; Scemes & Giaume, 2006). Glial cells in 
NV snpr could be able to produce a local change in [Ca2+]e that would propagate onto 
target neurons, activating INaP and leading to synchronous activities. 
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5. Functional implications of the location of rhythmic neurons in NVsnpr 
Tsuboi et al. (2003) reported that neurons modulated by stimulation of the cortical 
masticatory area, MA (either tonic firing or burst firing units) were located in dorsal 
NV snpr, while unmodulated units were distributed everywhere in the nucleus. This is 
consistent with our results in the sense that the majority of modulatory effects in tonie 
or bursting units or changes in firing pattern from tonic to rhythmic bursting were also 
observed in the dorsal 2/3rds of the nucleus, white the cases where peripheral 
stimulation had no effect (unmodulated) were observed aIl over the nucleus and 
preferentially in its ventral part. Our results are also consistent with the investigation 
of Athanassiadis et al. (2005a) who also described rhythmic bursting units in the 
dorsal part of the nucleus. 
6. Effectiveness of peripheral stimulation 
In tonically firing neurons, peripheral stimulation caused excitation in 32% of cases, 
decrease in firing frequency in Il % and changes of firing pattern in 18% of cases. In 
the rab bit in vivo preparation, stimulation of the CMA at similar frequencies and train 
durations produced increase of firing frequency in Il % of neurons, no decreases in 
firing frequency and changes of firing pattern from tonic to rhythmic in 28% of 
neurons, but only in 11 % was the rhythm in phase with mastication (Tsuboi et al., 
2003). These numbers differ from the obtained in our study, but not dramaticaIly. The 
differences can be due to several factors including species, differences in the type of 
inputs (cortical vs peripheral) and circuits involved and conditions (in vivo; intact 
system vs in vitro; fragmented system), but the similarities may be due to the fact that 
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both types of afferents are glutarnatergic. NMDA injections, which may be considered 
as a "stronger" stimulus (by acting directly on NMDA receptors) caused no decrease in 
firing frequency, an increase in frring frequency in 52% of neurons and induced 
rhythmic bursting in a larger percentage of cases (33%), closer to the proportion 
observed in the in vivo study of Tsuboi et al., (2003). Interestingly the stimulation 
parameters found to be most efficient to induce rhythmic bursting are similar in our 
study to those that have been found to be most efficient in vivo (Lund et al., 1984). 
This can be explained by our previous observations from intracellular recordings in 
vitro that showed that bursting of NVsnpr neurons is not only modulated by [Ca2+]e, 
but occurs only within a range of membrane potential that corresponds to the 
activation and inactivation potentials of IN aP. Out of this range frring becomes tonic. 
Thus, we can hypothesize that in cases where firing switched from tonic to rhythmic, 
the stimulation was able to lower [Ca2l e, but did not depolarize the cell recorded too 
mu ch , which might have been the case of cells that increase their firing but remained 
tonic. 
The type of effect elicited also seemed to vary with the position of the stimulating 
electrode. Stimulation in the ventral portion of the tract had fewer effects on cell firing 
and did not elicit rhythmic bursting. These results can be explained on the basis of the 
anatomical organization of primary afferents in NVsnpr. Jacquin et al. (1993) 
conducted HRP labeling and cytochrome-oxidase experiments staining primary 
afferent collaterals that project to NVsnpr in adult rat and found that the sensory fibers 
gave ri se to transversely oriented collaterals in NV snpr and NV spo. Therefore synaptic 
inputs are easier to obtain if stimulation is performed vis-à-vis the projecting areas. 
Since inputs from the intra-oral receptors are in the mandibular and maxillar divisions 
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of the nerve, which are more dorsal in the tract, it is more likely to obtain masticatory-
like activities in the dorsal half of the nucleus than in the ventral half. 
7. Role of tonie versus phasic sensory afferent stimulation 
Tonic stimulation of periodontal and mucosal afferents can initiate mastication and 
fictive mastication in decerebrate or lightly anesthetized animaIs (Bremer, 1923; 
Bazett & Penfield, 1922; Van Willigen & Weijs-Boot, 1984; Juch et al., 1985) or 
make subtreshold stimulations of CMA effective (Lund & Dellow, 1971; Lund & 
Dellow, 1973). This is in contrast with the phasic stimulation of sensory afferents that 
occur during mastication and which may trigger reflexes with important repercussions 
on the CPG (McGrath et al., 1981; Di Francesco et al., 1986; Chase & McGinty, 1970; 
Lund, 1991 for a review). For instance, the phasic feedback produced by periodontal 
afferent stimulation during mastication of hard foods evokes a jaw-opening reflex 
bilaterally (McGrath et al, 1981; Di Francesco et al., 1986). This reflex is actively 
supressed by the CPG as the food softens and is nonhally present during the first cycle 
of mastication only (Schwartz et al., 1989; Lavigne et al., 1987). 
The CPG controls reflexes in several ways, by modulating the excitability of MNs, and 
premotor interneurons or by modulating the transmission from primary sensory 
afferents to CPG interneurons. Most NVsnpr neurons that fire during the jaw opening 
phase of fictive mastication receive periodontal feedback while those that fire during 
jaw closing are excited 'by spindle afferents (Tsuboi et al., 2003). Thus, these inputs 
can alter the firing rate and pattern of NV snpr neurons which in turn project to 
trige minaI MNs, premotor interneurons and even terminaIs of primary afferents (Kolta 
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et al., 2000; Bourque & KoIta, 2001; Verdier et al., 2003). This should allow the CPG 
to adapt its rhythmic output and/or to adjust the gain of reflexes, suppressing 
unnecessary ones and facilitating those that enhance motor performance. 
8. CPG converts tonic inputs into rhythmic hursts 
Tonic stimulation of sensory afferent receptors or the cortical masticatory area (CMA) 
is converted into a rhythmic command by the masticatory CPG. Little is known about 
how the CPG does this but there are several possibiliti~s. Rhythmic activities could 
resuIt from interactions within the network that forms the CPG, from intrinsic 
properties of sorne of its elements or a combination of the two factors (See Lund & 
KoIÛ1, 2006 for a review). Network properties can explain the changes in the pattern 
of mastication (e.g grinding with the left molar or grinding with the right molar) that 
result from stimulation of different areas of the CMA (Westberg et al., 1998). Changes 
in the boundaries of the CPG could account for the different patterns of mastication by 
the activation or silencing of different groups of neurons for each pattern. Westberg et 
al. (1998) have examined the firing pattern of trigeminal premotor interneurons during 
different patterns of fictive movements elicited in the rabbit by stimulating different 
sites of the CMA. More than one half of the neurons in NPontc and NVoralis that fire 
in one fictive pattern were silent during another. The remaining fired consistently 
across different patterns. Th~se results indicate that sorne neurons participate in the 
shaping of masticatory patterns and are involved in the fine tuning of mastication, 
while other neurons could be involved in rhythm initiation and provide the basic 
masticatory rhythm. 
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9. Basic properties of the masticatory CPG 
At least three types of commands are required to generate a minimal output from 
NVmot (Goldberg & Chandler, 1981; Kubo et al. 1981; Goldberg et al., 1982): 
Inhibition of JC-motoneurons during JO (hyperpolarizing inputs), excitation of JO-
motoneurons during JO (depolarizing inputs) and excitation of JC-motoneurons during 
JC (depolarizing inputs). Interestingly, JO-motoneurons are not inhibited during JC. 
According to Inoue and colleagues, the simplest CPG for mastication would require 
only two types of pre-motorneurons projecting to NVmot: The ones frring during the 
JO phase (inhibitors and excitators), and the ones frring during the JC phase 
(excitators) (Inoue et al., 1994). In 1998? Yoshida's group conducted anatomical 
studies in the cat to label secondary order neurons in NV snpr with HRP tracers. Their 
work indicated that the dorsal part of NV snpr contains local circuit neurons projecting 
to dorsal NVmot, also corresponding to the area where the JC motoneuron pool is 
located. These results were confmned by a number of other studies conducted in cat, 
rabbit and rat indicating that dorsal NVsnpr sends projections to the dorsal NVmot 
(Mizuno et al., 1983; Landgren et al., 1986; Li et al., 1993; Kolta et al., 2000; 
Arsenault et al., 2004; Athanassiadis et al., 2005a). Later, Tsuboi and colleagues 
(2003) showed that NVsnpr in rabbit contains a mixture of neurons bursting 
rhythmically in phase either with JO or JC motorneurons (50% in each category) 
suggesting that NVsnpr neurons could indeed shape the motor output. JO and JC 
neurons had a certain organization in NVsnpr. Both rhythmically active JO and JC 
premotorneurons were mostly located in the dorsal part of NVsnpr in the dorso-ventral 
axis. In addition, JC neurons were located in the anterior pole of NVsnpr, while JO 
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entire length of the rostro-caudal axis. It is interesting to observe that cells in NVsnpr 
that had receptive fields from intraoral- periodontal or jaw muscle spindles can 
accomplish motor functions. In vivo, more than 50% of JC neurons were excited by 
spindle afferents, while most JO neurons received periodontal feedback. Both the 
localization of the neurons in NVsnpr and their receptive fields is consistent with the 
peripheral input organization in NVsnpr described by Shigenaga and others (face-
inverted primary afferent somatotopy) (Darian-Smith et al., 1963a; Shigenaga et al., 
1986a). 
10. Putative mechanisms for hurst generation 
Kolta et al. rSuggested in 2007 a mechanism leading to rhythmic bursting on the basis 
of observations from the work conducted by Brocard et al. (2006) in a rat brainstem 
slice preparation (Fig. 9). One assumption in our hypothesis regards the reduction in 
[Ca2+]e after neuronal activity. Weak synaptic inputs to NVsnpr would cause a minor 
reduction in [Ca2+]e and elicit low frequency tonic firing. At this stage only transient 
Na + and K+ conductances would be involved. Ca2+ would enter the cell through 
voltage dependent Ca2+ conductances or neurotransmitter gated receptors activated by 
glutamate such as NMDA and AMPA receptors. Ca2+ inflow would activate Ca2+-
dependent K+ conductances such as small-Ca2+ activated K+ conductances (SK) and 
big-Ca2+ activated K+ conductances (BK) (Fig. 9). SK would be responsible for the 
after-hyperpolarization phase of the action potential, AHP, while BK would participate 
to the repolarizing phase of the action potential (Kolta et al., 2007). BK function could 
be to limit burst duration. Brocard et al. (2006) showed that blocking SK with apamin 
reduces AHP; while blocking BK with charybdotoxin enhances after-depolarization 
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(ADP) promoting firing of severaI spikes more than in the control condition. Stronger 
synaptic inputs would reduce BK due to a greater depletion in [Ca2+]e. leading to 
smaIler ARP and appearance of ADP or smaIl plateaux (Step 2 in Fig. 9). Even 
stronger synaptic inputs should increase the depletion in [Ca2+]e and depolarize the cell 
enough to activate INaP thereby producing the plateau potentiaIs supporting rhythmic 
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Figure 9. Proposed mechanism underlying the initiation of rhythmic 
activity in NVsnpr. GraduaI intensity of stimulation correlates with [Ca2+]e 
depletion, INaP activation and changes in the firing pattern of NVsnpr 
neurons. 1. Weak stimulation generates smaIl ionic changes in [Ca2+]e and we 
obtain tonic responses. 2. and 3. Rhythmic bursting and plateau potentiaIs 
arise with stronger stimulation and larger changes in [Ca2+]e 4. Further 
depolarization of the cell inactivates INaP and the neurons fuing pattern 
becomes tonic. Adapted from Kolta et al. (2007). 
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It is still not known how the stronger inputs could mediate depletion of [Ca2+]e, but we 
have at least two different hypotheses to explain it. The first possibility would be that 
stronger sustained depolarization might remove the Mg2+ block of NMDA receptors 
(Vargas-Caballero & Robinson, 2003; Hsiao et al., 2002) and allow Ca2+ to flow into 
1 
the cells. In fact, our results show that NMDA receptors are involved in the initiation 
of rhythmic activities since local application of NMDA is able to elicit rhythmic 
1 
bursting in NVsnpr neurons in vitro. NMDA receptor activation c:ould take place 
before INaP activation and be required for synaptically-induced rhythmic-bursting in 
physiological conditions, since the application of APV blocks bursting activities 
elicited by stimulation in 60% of cases. The second possibility involves glial cells. 
Glial cells accomplish a number of metabolic functions including clearance of synaptic 
transmitters from the synaptic cleft (Bergles et al., 1999; Danbolt, 2001; Araque & 
1 
Perea, 2004). Even more importantly glia regulates Ca2+ levels (Auld & Robitaille, 
2003; Stringer et al., 2007). Glial cells express a wide variety of receptors for 
neurotransmitter such as glutamate (including NMDA receptors), GABA, 
acetylcholine and other simple molecules like ATP, and are activated by K+ released 
during neuronal firing (Porter & McCarthy, 1997; Verkhratsky et al., 1998; Gallo & 
Ghiani, 2000). It is possible that K+ and/or glutamate released during synchronous 
activation of afferent inputs to NVsnpr activate glial cells, which in tum may 
contribute to Ca2+ depletion. It is weil known that intâtcellular Ca2+ rises in astrocytes 
as a consequence of glutamate receptor activation (Porter & McCarthy, 1996; Latour et 
al., 2001). In addition, activated astrocytes can also release glutamate (Araque et al., 
1 
1998a, b; Bezzi et al., 1998) and this process is Ca2+ dependent (exocytotic pathways) 
(Araque et al., 1998 a, b; Pasti et al., 2001); The glutamate released by glial cells 
evokes slow inward currents in adjacent neurons by activation of ionotropic glutamate 
93 
receptors (Araque et al., 1998a, b; Parpura & Haydon, 2000). Such a mechanism could 
contribute to the depletion of [Ca2+]e. It has also been reported that stimuli that evoke 
intracellular [Ca2+] elevation in single astrocytes can propagate to adjacent ones and 
ex tend for hundreds of microns; (Charles et al., 1991; ComeIl-BeIl & Finkbeiner, 
1991; Dani et al., 1992; Smith, 1994). Ca2+-waves can propagate from one cell to 
another either through gap-junctions in the case of syncitium-coupled cells or through 
release of gliotransmitters (See Scemes & Giaume, 2006; Fiacco & McCarthy, 2006 
for a review). Recent anatomical evidence indicate that glial cells in NVsnpr form a 
syncithia when activated (Arsenault et al., 2007). Preliminary work in our lab has 
shown that coupling between glial cells increases with the stimulation of the trigeminal 
tract or with local application of NMDA in NVsnpr (Arsenault et al., 2007). Such 
syncitia could play a role in synchronizing a population of neurons by depleting Ca2+ 
in a circumscribed volume. 
Another unknown aspect of the initiation of rhythmic activity in NVsnpr is related to 
the precise mechanism of activation of INaP in consequence of changes in [Ca2+]e. Su 
et al. (2001) conducted experiments in rat hippocampal pyramidal neurons and 
reported that [Ca2+]e modulates current-dependent burst firing in CAl neurons. Low 
[Ca2+]e markedly increased incidence and reduced the threshold of spontaneous 
rhythmic activities in these cells. In their experiments, the concentrations of divalent 
cations were maintained constant in aIl perfusing solutions, and the induction of 
intrinsic bursting occurred in low [Ca2+]e regardless of the species of divalent cations 
used to replace [Ca2+]e (Mg2+). This was also the case in our report and previous 
studies conducted in NVsnpr (Brocard et al., 2006). According to Su et al. (2001), 
evidence suggest that Ca2+ could decrease INaP by ion-selective binding to membrane 
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channels. Ca2+ cou Id bind to Na+ channels (Armstrong & Cota, 1991) or to G-protein-
coupled ci+ sensing receptors (Yamaguchi et al., 2000), such as metabotropic 
glutamate receptors (Kubo et al., 1998) that might modulate INaP via second 
messenger cascades. Su et al. (2001) demonstrated that the latter was less likely in 
hippocampal pyramidal cells by showing that the application of neomycin and 
gadolïnium, which activate [Ca2+Je-sensing receptors (Xiong & MacDonald, 1999), 




This in vitro study proposes a methodological approach to investigate the initiation of 
rhythmic masticatory-like activities in NVsnpr at physiological [Ca2+]e. Our results 
support the hypothesis that NVsnpr could form the core of the masticatory CPG. 
Repetitive stimulation of the trigeminal tract elicits rhythmic activities in a subset of 
NVsnpr neurons and the frequency range of these activities is compatible with 
masticatory movements. In the cases where two units become rhythmic after 
stimulation, their activities were synchronous. Synchronization of CPG elements is 
important to obtain a coherent motor command from a population of MNs. In addition 
to these observations, rhythmic activities obtained with peripheral stimulation were 
mimicked by local applications of NMDA and blocked by APV suggesting that 
NMDA plays an important role in rhythmogenesis. Several mechanisms could explain 
how repetitive stimulation of sens ory afferents can elicit rhythmic bursting. We 
suggest that NVsnpr acts as an interface that converts sustained tonic inputs into 
rhythmic outputs. Our general hypothesis being that sustained activity of peripheral 
afferents is responsible for celI depolarization and [Ca2+]e depletion leading to 
rhythmic bursting activities in NVsnpr. The initiation of rhythmic bursting could take 
place through an INaP dependent mechanism to a certain extent. Above a certain 
depolarization level or at elevated [Ca2+]e neuronal activity would become tonic again 
due to inactivation of INaP. This could be considered as a "feedback" mechanism that 
alIows fine tuning of mastication by central or sensory inputs. NMDA receptor 
activation could contribute to INaP activation by amplifying the effect of [Ca2+]e 
depletion in NVsnpr. Future work using Ca2+ -imaging and ion-sensitive recordings in 
brainstem in vitro preparations will be necessary to provide evidence that bursting is 
triggered by a faU in [Ca2+]e. 
96 
REFERENCES 
Appenteng K & Girdlestone D. (1987). Transneuronal transport of wheat germ 
agglutinin-conjugated horseradish peroxidase into trigeminal interneurones of 
the rat. Journal of Comparative Neurology 258,387-396. 
Appenteng K, Conyers L, Curtis J & Moore J. (1990). Monosynaptic connexions of 
single V interneurones to the contralateral V motor nucleus in anaesthetised 
rats. Brain research 514, 128-130. 
Araque A, Parpura V, Sanzgiri RP & Haydon PG. (1998a). Glutamate-dependent 
astrocyte modulation of synaptic transmission between cultured hippocampal 
neurons. The Europeanjournal ofneuroscience 10,2129-2142. 
Araque A, Sanzgiri RP, Parpura V & Haydon PG. (1998b). Calcium elevation in 
astrocytes causes an NMDA receptor-dependent increase in the frequencyof 
miniature synaptic currents in cultured hippocampal neurons. Journal of 
Neuroseience 18,6822-6829. 
Araque A & Perea G. (2004). Glial modulation of synaptic transmission in culture. 
Glia 47,241-248. 
Armstrong CM & Cota G. (1991). Calcium ion as a cofactor in Na channel gating. 
Proc Nat! Acad Sei USA 88, 6528-6531. 
Arsenault I, Kolta A, and Lund, J.P. (2004). Inputs from the trigeminal principal 
sensory and spinal nuclei to trigeminal motoneurons. Soc Neurosci Abstr 
187.22. 
Arsenault I, Bota R , Pastor Bernier A , Lund, J.P, Kolta, A. (2007). The role of glial 
cells in repetitive bursting of neurons of the trigeminal main sensory nucleus. 
SFN Abstract 2007. 
Arvidsson J. (1982). Somatotopic organization of vibrissae afferents in the trigeminal 
sensory nuclei of the rat studied by transganglionic transport of HRP. The 
Journal of comparative neurology 211, 84-92. 
Ashwell KW, Hardman CD & Paxinos G. (2006). Cyto- and chemoarchitecture of the 
sensory trigeminal nuclei of the echidna, platypus and rat. J Chem Neuroanat 
31,81-107. 
Athanassiadis T, Westberg KG, Ols son KA & Kolta A. (2005a). Physiological 
characterization, localization and synaptic inputs of bursting and nonbursting 
neurons in the trigeminal principal sensory nucleus of the rat. The European 
journal of neuroseience 22, 3099-3110. 
97 
Athanassiadis T, Olsson KA, Kolta A & Westberg KG. (2005b). Identification of c-
Fos immunoreactive brainstem neurons activated during fictive mastication in 
the rabbit. Exp Brain Res 165, 478-489. 
Auld DS & Robitaille R. (2003). Glial cells and neurotransmission: an inclusive view 
of synaptic function. Neuron 40, 389-400. 
A vendano C, Machin R, Bermejo PE & Lagares A. (2005). Neuron numbers in the 
sensory trigeminal nuclei of the rat: A GABA- and glycine-
immunocytochemical and stereological analysis. The Journal of comparative 
neurology 493,538-553. 
Azouz R, Jensen MS & Yaari Y. (1996). Ionic basis of spike after-depolarization and 
burst generation in adult rat hippocampal CAl pyramidal cells. The Journal of 
physiology 492 ( Pt 1), 211-223. 
Bae YC, Ihn HJ, Park MJ, Ottersen OP, Moritani M, Yoshida A & Shigenaga y. 
(2000). Identification of signal substances in synapses made between primary 
afferents and their associated axon terminaIs in the rat trigeminal sensory 
nuclei. The Journal of comparative neurology 418, 299-309. 
Bazett HC & Penfield WG. (1922). A study of the Sherrington decerebrate animal in 
the chronic as weIl as acute condition. Brain 45, 185-265. 
Benninger C, Kadis J & Prince DA. (1980). Extracellular calcium and potassium 
changes in hippocampal slices. Brain research 187, 165-182. 
Bergles DE, Diamond JS & Jahr CE. (1999). Clearance of glutamate inside the 
synapse and beyond. Curr Opin Neurobiol9, 293-298. 
Bezzi P, Carmignoto G, Pasti L, Vesce S, Rossi D, Rizzini BL, Pozzan T & Volterra 
A. (1998). Prostaglandins stimulate calcium-dependent glutamate release in 
astrocytes. Nature 391,281-285. 
Bikson M, Baraban SC & Durand DM. (2002). Conditions sufficient for nonsynaptic 
epileptogenesis in the CAl region of hippocampal slices. Journal of 
neurophysiology 87, 62-71. 
Blumenfeld H. (2002). Neuroanatomy through clinical cases. Sinauer A. 
Bourque MJ & Kolta A. (2001). Properties and interconnections of trigeminal 
interneurons of the lateral pontine reticular formation in the rat. Journal of 
neurophysiology 86, 2583-2596. 
Bremer F. (1923). Physiologie nerveuse de la mastication chez le chat et le lapin. 
Reflexes de mastication. Reponses masticatrices corticales et centre cortical du 
gout. ArchlntPhysiol21, 308-352. 
98 
Brocard F, Verdier D, Arsenault l, Lund JP & Kolta A. (2006). Emergence of intrinsic 
bursting in trigeminal sensory neurons parallels the acquisition of mastication 
in weanling rats. Journal ofneurophysiology 96,2410-2424. 
BrodaI A, Szabo T & Torvik A. (1956). Corticofugal fibers to sensory trigeminal 
nuclei and nucleus of solitary tract; an experimental study in the cat. The 
Journal ofcomparative neurology 106, 527-555. 
BrodaI A. (1981). Neurological Anatomy in Relation to Clinical Medecine. Oxford 
University Press, Oxford. 
Buisseret-Delmas C, Pinganaud G, Compoint C & Buisseret P. (1997). Projection 
from trigeminal nuclei to neurons of the mesencephalic trigeminal nucleus in 
rat. Neuroscience Letters 229, 189-192. 
Cajal SRy. (1909). Histologie du Système nerveux de l'Homme et des Vertébrés. 
Maloine, Paris. 
Calabrese RL. (1995). Oscillation in motor pattem-generating networks. Current 
Opinion in Neurobiology 5,816-823. 
Cameron WE, Nunez-Abades PA, Kerman lA & Hodgson TM. (2000). Role of 
potassium conductances in determining input resistance of developing brain 
stem motoneurons. Journal ofneurophysiology 84, 2330-2339. 
Carpenter MB. (1957). The dorsal trigeminal tract in the rhesus monkey. J Anatomy 
(London) 91, 82-90. 
Chandler SH & TaI M. (1986). The effects of brain stem transections on the neuronal 
networks responsible for rhythmical jaw muscle activity in the guinea pig. 
Journal of Neuroscience 6, 1831-1842. 
Charles AC, Merrill JE, Dirksen ER & Sanderson MJ. (1991). lntercellular signaling 
in glial cells: calcium waves and oscillations in response to mechanical 
stimulation and glutamate. Neuron 6, 983-992. 
Chase MH & McGinty DJ. (1970). Modulation of spontaneous and reflex activity of 
the jaw musculature by orbital cortical stimulation in the freely-moving cat. 
Brain research 19, 117-126. 
Chen S, Yue C & Yaari Y. (2005). A transitional period of Ca2+-dependent spike 
afterdepolarization and bursting in developing rat CA 1 pyramidal cells. The 
Journal ofphysiology 567, 79-93. 
Clements JR & Beitz AJ. (1991). An electron microscopic description of glutamate-
like immunoreactive axon terminaIs in the rat principal sensory and spinal 
trigeminal nuclei. The Journal of comparative neurology 309,271-280. 
99 
Cohen JE & Fields RD. (2004). Extracellular calcium depletion III synaptic 
transmission. Neuroscientist 10, 12-17. 
Cornell-Bell AH & Finkbeiner SM. (1991). Ca2+ waves in astrocytes. Cell calcium 
12,185-204. 
Cramer NP, Li Y & Keller A. (2007). The whisking rhythm generator: a novel 
mammalian network for the generation of movement. Journal of 
neurophysiology 97,2148-2158. 
Crill WE. (1996). Persistent sodium current in mammalian central neurons. Annu Rev 
Physiol 58, 349-362. 
DanboIt NC. (2001). Glutamate uptake. Prog Neurobiol65, 1-105. 
Dani JW, Chernjavsky A & Smith S1. (1992). Neuronal activity triggers calcium 
waves in hippocampal astrocyte networks. Neuron 8, 429-440. 
Darbon P, Yvon C, Legrand JC & Streit 1. (2004). INaP underlies intrinsic spiking and 
rhythm generation in networks of cultured rat spinal cord neurons. The 
European journal ofneuroscience 20,976-988. 
Darian-Smith I, Phillips G & Ryan RD. (1963a). Functional Organization in the 
Trigeminal Main Sensory and Rostral Spinal Nuclei of the Cat. The Journal of 
physiology 168, 129-146. 
Darian-Smith I, Proctor R & Ryan RD. (1963b). A Single-Neurone Investigation of 
Somatotopic Organization within the Cat's Trigeminal Brain-Stem Nuclei. The 
Journal ofphysiology 168, 147-157. 
Del Negro CA, Koshiya N, Butera RJ, Jr. & Smith JC. (2002). Persistent sodium 
current, membrane properties and bursting behavior of pre-botzinger complex 
inspiratory neurons in vitro. Journal ofneurophysiology 88, 2242-2250. 
Del Negro CA, Morgado-Valle C, Hayes JA, Mackay DD, Pace RW, Crowder EA & 
Feldman JL. (2005). Sodium and calcium current-mediated pacemaker neurons 
and respiratory rhythm generation. Journal ofNeuroscience 25, 446-453. 
Dellow PG & Lund JP. (1971). Evidence for central timing ofrhythmical mastication. 
The Journal ofphysiology 215, 1-13. 
Di Francesco G, Nardone A & Schieppati M. (1986). Inhibition of jaw-closing muscle 
activity by tactile air-jet stimulation of peri- and intra-oral sites in man. 
Archives of oral biology 31,273-278. 
Donga R & Lund JP. (1990). Discharge patterns of identified trigeminal interneurones 
during fictive mastication in the anaesthetized rabbit. Journal of Physiology 
423, 74P. 
100 
Donga R, Lund JP & Veilleux D. (1990). An e1ectrophysiological study of trigeminal 
commissural interneurons in the anaesthetized rabbit. Brain research 515, 351-
354. 
Donga R & Lund JP. (1991). Discharge patterns of trigeminal commissurallast-order 
interneurons during fictive mastication in the rab bit. Journal of 
neurophysiology 66, 1564-1578. 
Eisenhart FJ, Cacciatore TW & Kristan WB, Jr. (2000). A central pattern generator 
underlies crawling in the medicinalleech. Journal of comparative physiology 
186,631-643. 
Eisenman J, Landgren S & Novin D. (1963). Functional organization in the main 
sensory trigeminal nucleus and in the rostral subdivision of the nucleus of the 
spinal trigeminal tract in the cat. Acta Physiologica Scandinavica 59 
Suppl.(214),1-44. 
Eison RC, Selverston AI, Ab arb anel HD & Rabinovich MI. (2002). Inhibitory 
synchronization ofbursting in biological neurons: dependence on synaptic time 
constant. Journal ofneurophysiology 88, 1166-1176. 
Erzurumlu RS, Chen ZF & Jacquin MF. (2006). Molecular determinants of the face 
map development in the trigeminal brainstem. Anat Rec A Discov Mol Cell 
Evol Biol 288, 121-134. 
Feldman JL & Ellenberger HH. (1988). Central coordination of respiratory and 
cardiovascular control in mammals. Annu Rev Physiol 50,593-606. 
Feldman JL & Smith Je. (1989). Cellular mechanisms underlying modulation of 
breathing pattern in mammals a AnnNYAcadSci 563, 114-130. 
Fiacco TA & McCarthy KD. (2006). Astrocyte calcium e1evations: properties, 
propagation, and effects on brain signaling. Glia 54, 676-690. 
Fisher JA, Marchenko VA, Yodh AG & Rogers RF. (2006). Spatiotemporal activity 
patterns during respiratory rhythmogenesis in the rat ventrolateral medulla. 
Journal of neurophysiology 95, 1982-1991. 
Franceschetti S, Buzio S, Sancini G, panzica F & Avanzini G. (1993). Expression of 
intrinsic bursting properties in neurons of maturing sensorimotor cortex. 
Neuroscience letters 162,25-28. 
Gallo V & Ghiani CA. (2000). Glutamate receptors in glia: new cells, new inputs and 
new functions. Trends Pharmacol Sei 21,252-258. 
Gao BX & Ziskind-Conhaim L. (1998). Development of ionic currents underlying 
changes in action potential waveforms in rat spinal motoneurons. Journal of 
neurophysiology 80,3047-3061. 
101 
Ginestal E & Matute C. (1993). Gamma-aminobutyric acid-irnrnunoreactive neurons in 
the rat trigeminal nuclei. Histochemistry 99, 49-55. 
Gobel S, Dubner R & Kawamura Y. (1971). Structural organization in the main sensory 
trigeminal nucleus. In Oral-Facial Sensory and Motor Mechanisms, pp. 183-204. 
Appleton-Century-Crofts, New York. 
Goldberg LJ & Chandler SR. (1981). Evidence for pattern generator control of the effects 
of spindie afferent input du ring rhythrnical jaw movements. Can J Physiol 
PharmacoI59,707-712. 
Goldberg LJ, Chandler SR & TaI M. (1982). Relationship between jaw movements and 
trigeminal motoneuron membrane-potential fluctuations during cortically induced 
rhythrnical jaw movements in the guinea pig. Journal of ne urophysiology 48, 110-
138. 
Goodwin GM & Luschei ES. (1975). Discharge of spindie afferents from jaw-closing 
muscles during chewing in alert monkeys. Journal of neurophysiology 38, 560-
571. 
Gottlieb S, Taylor A & Bosley MA. (1984). The distribution of afferent neurones in the 
mesencephalic nucleus of the fifth nerve in the cal. The Journal of comparative 
neurology 228,273-283. 
Gregg JM & Dixon AD. (1973). Somatotopic organization of the trigeminal ganglion in 
the rat. Archives oforal biology 18,487-498. 
Grillner S. (1985). Neurobiological bases of rhythrnic motor acts in vertebrates. Science 
New York, NY228, 143-149. 
Grosche J, Matyash V, Moller T, Verkhratsky A, Reichenbach A & Kettenrnann R. 
(1999). Microdomains for neuron-glia interaction: paraUel fiber signaling to 
Bergmann glial cells. Nature neuroscience 2, 139-143. 
Grosche J, Kettenrnann H & Reichenbach A. (2002). Bergrnann glial ceUs forrn distinct 
morphological structures to interact with cerebellar neurons. Journal of 
Neuroscience Res 68, 138-149. 
Hashirnoto N, Katayama T, Ishiwata Y & Nakamura Y. (1989). Induction of rhythrnic 
jaw movements by stimulation of the mesencephalic reticular formation in the 
guinea pig. Journal ofNeuroscience 9, 2887-2901. 
Hernandez-Peon R & Hagbarth KE. (1955). Interaction between afferent and cortically 
induced reticular responses. Journal of neurophysiology 18, 44-55. 
Hsiao CF, Wu N, Levine MS & Chandler SR. (2002). Development and serotonergic 
modulation of NMDA bursting in rat trigeminal motoneurons. Journal of 
neurophysiology 87, 1318-1328. 
102 
Huerta MF, Frankfurter A & Harting JK. (1983). Studies of the principal sensory and 
spinal trigeminal nuclei of the rat: projections to the superior colliculus, inferior 
olive, and cerebellum. The Journal of comparative neurology 220, 147-167. 
Ichikawa T & Shimizu T. (1998). Organization of choline acetyltransferase-containing 
structures in the cranial nerve motor nuclei and spinal co rd of the monkey. 
Brain research 779, 96-103. 
Ide LS & Killackey HP. (1985). Fine structural survey of the rat's brainstem sensory 
trigeminal complex. The Journal ofcomparative neurology 235, 145-168. 
Inoue T, Kato T, Masuda Y, Nakamura T, Kawamura Y & Morimoto T. (1989). 
Modifications of masticatory behavior after trige minaI deafferentation in the 
rabbit. Exp Brain Res 74,579-591. 
Inoue T, Masuda Y, Nagashima T, Yoshikawa K & Morimoto T. (1992). Properties of 
rhythmically active reticular neurons around the trigeminal motor nucleus 
during fictive mastication in the rat. Neuroscience research 14,275-294. 
Inoue T, Chandler SH & Goldberg LJ. (1994). Neuropharmacological mechanisms 
underlying rhythmical discharge in trigeminal interneurons during fictive 
mastication. Journal ofneurophysiology 71,2061-2073. 
Inoue M, Nozawa-Inoue K, Donga R & Yamada Y. (2002). Convergence of selected 
inputs from sensory afferents to trigeminal premotor neurons with possible 
projections to masseter motoneurons in the rabbit. Brain research 957, 183-
191. 
Jacquin MF, Semba K, Rhoades RW & Egger MD. (1982). Trigeminal primary 
afferents project bilaterally to dorsal horn and ipsilaterally to cerebellum 
reticular formation and cuneate solitary supratrigeminal and vagal nuclei. Brain 
research 246, 285-291. 
Jacquin MF, Rhoades RW, Enfiejian HL & Egger MD. (1983a). Organization and 
morphology of masticatory neurons in the rat: A retro grade HRP study. 
Journal of Comparative Neurology 218, 239-256. 
Jacquin MF, Semba K, Egger MD & Rhoades RW. (1983b). Organisation of HRP 
labelled trigeminal mandibular primary afferent neurons in the rat. Journal of 
Comparative Neurology 215,397-420. 
Jacquin MF, Renehan WE, Rhoades RW & Panneton WM. (1993). Morphology and 
topography of identified primary afferents in trigeminal subnuclei principalis 
and oralis. Journal of neurophysiology 70, 1911-1936. 
Jacquin MF, Rana JZ, Miller MW, Chiaia NL & Rhoades RW. (1996). Development 
of trigeminal nucleus principalis in the rat: effects of target removal at birth. 
The Europeanjournal ofneuroscience 8, 1641-1657. 
103 
Janczewski WA & Feldman JL. (2006). Distinct rhythm generators for inspiration and 
expiration in the juvenile rat. The Journal ofphysiology 570,407-420. 
Jean A. (2001). Brain stem control of swallowing: neuronal network and cellular 
mechanisms. Physiological reviews 81, 929-969. 
Jones HC & Keep RF. (1988). Brain fluid calcium concentration and response to acute 
hypercalcaemia during development in the rat. The Journal of physioZogy 402, 
579-593. 
Juch PJW, Van Willigen JD, Broekhuijsen ML & Ballintijn CM. (1985). Peripheral 
influences on the central pattern-rhythm generator for tongue movements in the 
rat. Archives of oral biology 30, 415-421. 
Kandel E, Schwartz J & Jessell T. (2000). Princip/es of Neuroscience. Mc GrawHiIl. 
4 th Edition. 
Kasper EM, Larkman AU, Lubke J & Blakemore C. (1994a). Pyramidal neurons in 
layer 5 of the rat visual cortex. 1. Correlation among cell morphology, intrinsic 
electrophysiological properties, and axon targets. The Journal of comparative 
neurology 339, 459-474. 
Kasper EM, Larkman AU, Lubke J & Blakemore C. (1994b). Pyramidal neurons in 
layer 5 of the rat visual cortex. II. Development of electrophysiological 
properties. The Journal of comparative neurology 339,475-494. 
Katakura N, Nakajima, M. & Nakamura, Y. (1999). Ontogenetic analysis ofbrainstem 
mechanisms of ingestive activities in vitro . . In Neurobiology of Mastication -
from Molecular to Systems Approach, ed. Nakamura VaS, B., pp. 312-326. 
Elsevier Science, Amsterdam. 
Kawamura Y & Tsukamoto S. (1960). Analysis of jaw movements from the cortical 
jaw motor area and amygdala. Japanese Journal of PhysioZogy 10, 471-488. 
Kerr FW, Kruger L, Schwassmann HO & Stem R. (1968). Somatotopic organization 
of mechanoreceptor units in the trigeminal nuclear complex of the macaque. 
The Journal of comparative neurology 134, 127-144. 
Kogo M, Funk GD & Chandler SR. (1996). Rhythmical oral-motor activity recorded 
in an in vitro brainstem preparation. Somatosensory & motor research 13, 39-
48. 
Kogo M, Tanaka S, Chandler SH & Matsuya T. (1998). Examination of the 
relationships betweenjaw opener and closer rhythmical muscle activity in an in 
vitro brainstem jaw-attached preparation. Somatosensory & motor research 15, 
200-210. 
104 
Kogo M, Yamanishi T, Koizumi H & Matsuya T. (2002). Swallowing-like activity 
elicited in vitro in neonatal rat organ attached brainstem block preparation. 
Brain research 955, 24-33. 
KoIta A, Westberg KG & Lund JP. (2000). Identification of brainstem interneurons 
projecting to the trigeminal motor nucleus and adjacent structures in the rabbit. 
J Chem Neuroanat 19, 175-195. 
KoIta A, Brocard F, Verdier D & Lund JP. (2007). A review of burst generation by 
trigeminal main sensory neurons. Archives of oral biology 52, 325-328. 
Kruger L & Witkovsky P. (1961 a). A functional analysis of neurons in the dorsal 
column nuclei and spinal nucleus of the trigeminal in the reptile (Alligator 
mississippiensis). The Journal of comparative neurology 117, 97 -1 05. 
Kruger L, Siminoff R & Witkovsky P. (1961b). Single neuron analysis of dorsal 
column nuclei and spinal nucleus of trigeminal in cat. Journal of 
neurophysiology 24,333-349. 
Kruger L & Michel F. (1962a). A single neurone analysis of buccal cavity 
representation in the sensrory trigeminal complex of the cat. Archives of oral 
biology 7,491-503. 
Kruger L & Michel F. (1962b). A morphological and somatotopic analysis of single 
unit activity in the trigeminal sensory complex of the cat. Experimental 
neurology 5, 139-156. 
Kubo Y, Enomoto S & Nakamura Y. (1981). Synaptic basis of orbital cortically 
induced rhythmical masticatory activity of trigeminal motoneurons in 
immobilized cats. Brain research 230,97-110. 
Kubo Y, Miyashita T & Murata Y. (1998). Structural basis for a Ca2+-sensing 
function of the metabotropic glutamate receptors. Science (New York, NY 279, 
1722-1725. 
Landers M & Zeigler HP. (2006). Development of rodent whisking: Trigeminal input 
and central pattern generation. Somatosensory and Motor Research 23, 1-10. 
Landgren S, Olsson K & Westberg KG. (1986). Bulbar neurones with axonal 
projections to the trigeminal motor nucleus in the cat. Experimental Brain 
Research 65, 98-111. 
Larkman A & Mason A. (1990). Correlations between morphology and 
electrophysiology of pyramidal neurons in slices of rat visual cortex. 1. 
Establishment of cell classes. Journal ofNeuroscience 10, 1407-1414. 
Latour l, Gee CE, Robitaille R & Lacaille Je. (2001). DifferentiaI mechanisms of 
Ca2+ responses in glial cells evoked by exogenous and endogenous glutamate 
in rat hippocampus. Hippocampus 11, 132-145. 
Lauterborn JC, Isackson PJ, Montalvo R & Gall CM. (1993). In situ hybridization 
localization of choline acetyltransferase mRNA in adult rat brain and spinal 
cord. Brain Res Mol Brain Res 17, 59-69. 
105 
Lavigne G, Kim JS, Valiquette C & Lund JP. (1987). Evidence that periodontal 
pressoreceptors provide positive feedback to jaw closing muscles during 
mastication. Journal ofneurophysiology 58,342-358. 
Li YQ, Takada M & Mizuno N. (1993). Identification of premotor interneurons which 
project bilaterally to the trigeminal motor, facial or hypoglossal nuclei: a 
fluorescent retrograde doub1e-Iabeling study in the rat. Brain research 611, 
160-164. 
Li YQ, Takada M, Kaneko T & Mizuno N. (1995). Premotor neurons for trigeminal 
motor nucleus neurons innervating the jaw-closing and jaw-opening muscles: 
differential distribution in the lower brainstem of the rat. The Journal of 
comparative neurology 356,563-579. 
Li YQ, Takada M, Kaneko T & Mizuno N. (1996). GABAergic and glycinergic 
neurons projecting to the trigeminal motor nucleus: a double labeling study in 
the rat. The Journal of comparative neurology 373, 498-510. 
Lu J, Gramoll S, Schmidt J & Calabrese RL. (1999). Motor pattern switching in the 
heartbeat pattern generator of the medicinal leech: membrane properties and 
lack of synaptic interaction in switch interneurons. Journal of comparative 
physiology 184, 311-324. 
Lund JP & Dellow PG. (1969). Evidence for a central rhythmical drive of jaw muscles. 
CanJPhysiol 1, 50-50. 
Lund JP & Dellow PG. (1971). The illfluence of interactive stimuli on rhythmical 
masticatory movements in rabbit. Archives of oral biology 16, 215-223. 
Lund JP & Dellow PG. (1973). Rhythmical masticatory activity of hypoglossal 
motoneurons responding to an oral stimulus. Experimental neurology 40,243-
246. 
Lund JP & Lamarre Y. (1974). Activity of neurons in the lower precentral cortex 
during voluntary and rhythmical jaw movements in the monkey. Experimental 
Brain Research 19, 282-299. 
Lund JP, Sasamoto K, Murakami T & Olsson KA. (1984). Analysis of rhythmical jaw 
movements produced by electrical stimulation of motor-sensory cortex of 
rabbits. Journal ofneurophysiology 52, 1014-1029. 
Lund JP. (1991). Mastication and its control by the brain stem. CRC Critical Reviews 
in Oral Biology and Medecine 2, 33-64. 
106 
Lund JP & Kolta A. (2006). Generation of the central masticatory pattern and its 
modification by sensory feedback. Dysphagia 21, 167-174. 
Luo P & Dessem D. (1995). Inputs from identified jaw-muscle spindle afferents to 
trigeminothalamic neurons in the rat: A double-Iabeling study using retro grade 
HRP and intracellular biotinamide. Journal of Comparative Neurology 353,50-
66. 
Lynch R. (1985). A qualitative investigation of the topographical representation of 
masticatory muscles within the motor trigeminal nucleus of the rat:a 
horseradish peroxidase study. Brain research 327, 354-358. 
Magnusson KR, Clements JR, Larson AA, Madl JE & Beitz AJ. (1987). Localization 
of glutamate in trigeminothalamic projection neurons: a combined retrograde 
transport-immunohistochemical study. Somatosens Res 4, 177-190. 
Marfurt CF. (1981). The central projections of trigeminal primary afferent neurons in 
the cat as determinated by the tranganglionic transport of horseradish 
peroxidase. Journal of Comparative Neurology 203, 785-798. 
Marfurt CF & Rajchert DM. (1991). Trigeminal primary afferent projections to "non-
trigeminal" areas of the rat central nervous system. The Journal of comparative 
neurology 303, 489-511. 
Martin-Caraballo M & Greer 11. (2000). Development of potassium conductances in 
perinatal rat phrenic motoneurons. Journal ofneurophysiology 83,3497-3508. 
McDavid S, Lund JP, Auclair F & Kolta A. (2006). Morphological and 
immunohistochemical characterization of interneurons within the rat trigeminal 
motor nucleus. Neuroscience 139, 1049-1059. 
McGrath PA, Sharav Y, Dubner R & Gracely RH. (1981). Masseter inhibitory periods 
and sensations evoked by electrical tooth pulp stimulation. Pain 10, 1-17. 
Meessen H & Olszewski J. (1949). Cytoarchitektonischer Atlas des Rautenhirns des 
Kaninchens. Karger. Basel 
Michail S & Karamanlidis AN. (1970). Trigemino-thalamic fibre connexions in the 
dog and pig. J Anatomy (London) 107,557-566. 
Mizuno N. (1970). Projection fibers from the main sensory trigeminal nucleus and the 
supratrigeminal region. Journal of Comparative Neurology 139,457-472. 
Mizuno N, Yasui Y, Nomura S, Itoh K, Konishi A, Takada M & Kudo M. (1983). A 
light and electron microscopic study of premotor neurons for the trigeminal 
motor nucleus. Journal of Comparative Neurology 215,290-298. 
107 
Murase K & Randic M. (1983). Electrophysiological properties of rat spinal dorsal 
horn neurones in vitro: calcium-dependent action potentials. The Journal of 
physiology 334, 141-153. 
Nakamura Y & Kubo Y. (1978). Masticatory rhythm in intracellular potential of 
trigeminal motoneurons induced by stimulation of orbital cortex and amygdala 
in cats. Brain research 148,504-509. 
Nakamura Y & Katakura N. (1995). Generation of masticatory rhythm ln the 
brainstem. Neuroscience research 23, 1-19. 
Nakamura Y, Katakura N & Nakajima M. (1999). Generation of rhythmical ingestive 
activities of the trigeminal, facial, and hypoglossal motoneurons in in vitro 
CNS preparations isolated from rats and mice. J Med Dent Sci 46, 63-73. 
Nicholson C, ten Bruggencate G, Stockle H & Steinberg R. (1978). Calcium and 
potassium changes in extracellular microenvironment of cat cerebellar cortex. 
Journal of neurophysiology 41, 1026-1039. 
No:za.ki S, Iriki A & Nakamura Y. (1986a). Localization of central rhythm generator 
involved in cortically induced rhythmical masticatory jaw-opening movement 
in the guinea pig. Journal ofneurophysiology 55,806-825. 
No:za.ki S, Iriki A & Nakamura Y. (1986b). Role of corticobulbar projection neurons in 
cortically induced rhythmical masticatory jaw-opening movement in the guinea 
pig. Journal ofneurophysiology 55,826-845. 
Nozaki S, Iriki, A., Nakamura, Y. (1991). Brainstem commissural systems for bilateral 
synchronization of rhythmical jaw muscle activity induced by stimulation of 
the cortical masticatory area in the guinea pig. Dent Jpn 28, 39-43. 
Nozaki S, Iriki A & Nakamura Y. (1993). Trigeminal premotor neurons in the bulbar 
parvocellular reticular formation participating in induction of rhythmical 
activity of trigeminal motoneurons by repetitive stimulation of the cerebral 
cortex in the guinea pig. Journal ofneurophysiology 69,595-608. 
Olsson K, Sasamoto K & Lund JP. (1986). Modulation of transmission in rostral 
trigeminal sensory nuclei during chewing. Journal ofneurophysiology 55, 56-
75. 
Olszewski J. (1950). On the anatomical and functional organization of the spinal 
trigeminal nucleus. The Journal of comparative"neurology 92,401-413. 
Oury F, Murakami Y, Renaud JS, Pasqualetti M, Charnay P, Ren SY & Rijli FM. 
(2006). Hoxa2- and rhombomere-dependent development of the mouse facial 
somatosensorymap. Science, NY313, 1408-1413. 
108 
Parpura V & Haydon PG. (2000). Physiological astrocytic calcium levels stimulate 
glutamate release to modulate adjacent neurons. Proc Natl Acad Sci USA 97, 
8629-8634. 
Pasti L, Zonta M, Pozzan T, Vicini S & Carmignoto G. (2001). Cytosolic calcium 
oscillations in astrocytes may regulate exocytotic release of glutamate. Journal 
ofNeuroscience 21, 477-484. 
Paxinos G & Watson C. (1982). The rat brainstem in stereotactic coordinates. 
Academic Press, New York. 
Paxinos G. & Watson C. (2004). The rat brain in stereotactic coordinates - the new 
coronal set. Academie press. 
Pearson KG, Reye DN, Parsons DW & Bicker G. (1985). Flight-initiating interneurons 
in the locust. Journal ofneurophysiology 53,910-925. 
Perez Velazquez JL & Carlen PL. (1996). Development of frring patterns and 
electrical properties in neurons of the rat ventrobasal thalamus. Brain Res Dev 
Brain Res 91, 164-170. 
Porter JT & McCarthy KD. (1996). Hippocampal astrocytes in situ respond to 
glutamate released from synaptic terminaIs. Journal of Neuroscience 16, 5073-
5081. 
Porter JT & McCarthy KD. (1997). Astrocytic neurotransmitter receptors in situ and in 
vivo. Prog Neurobiol51, 439-455. 
Potts JT, Rybak lA & Paton JF. (2005). Respiratory rhythm entrainment by somatic 
afferent stimulation. Journal of Ne uro scie nce 25, 1965-1978. 
Rampon C, Luppi PH, Fort P, Peyron C & Jouvet M. (1996). Distribution of glycine-
immunoreactive ceIl bodies and fibers in the rat brain. Neuroscience 75, 737-
755. 
Rokx JTM, Van Willigen JD & Juch PJW. (1986). Bilateral brainstem connections of 
the rat supratrigeminal region. Acta Anat 127, 16-21. 
Rossignol S & Dubuc R. (1994). Spinal pattern generation. Curr Opin Neurobiol 4, 
894-902. 
Rossignol S, Dubuc R & Gossard JP. (2006). Dynamic sensorimotor interactions in 
locomotion. Physiol Rev 86, 89-154. 
Rusakov DA & Fine A. (2003). Extracellular Ca2+ depletion contributes to fast 
activity-dependent modulation of synaptic transmission in the brain. Neuron 
37,287-297. 
Rybak lA, Shevtsova NA, St-John WM, Paton JF & Pierrefiche O. (2003). 
Endogenous rhythm generation in the pre-Botzinger complex and ionic 
109 
currents: modelling and in vitro studies. The European journal of neuroscience 
18,239-257. 
Saad M, Dubuc R, Westberg KG & Lund JP. (1999). Distribution of cholinergie 
neurons in cell group k of the rabbit brain stem. Neuroscience 88,927-937. 
Sandler VM, Puil E & Schwarz DW. (1998). Intrinsic response properties of bursting 
neurons in the nucleus principalis trigemini of the gerbil. Neuroscience 83, 
891-904. 
Scemes E & Giaume C. (2006). Astrocyte calcium waves: what they are and what they 
do. GUa 54, 716-725. 
Schaerer P, Legault JV & Zander HA. (1966). Mastication under anesthesia. Helv 
Odontol Acta 10, 130-134. 
Schwartz G, Enomoto S, Valiquette C & Lund JP. (1989). Mastication in the rabbit: a 
description of movement and muscle activity. Journal of neurophysiology 62, 
273-287. 
Schwindt P, O'Brien JA & Crill W. (1997). Quantitative analysis of firing properties of 
pyramidal neurons from layer 5 of rat sensorimotor cortex. Journal of 
neurophysiology 77,2484-2498. 
Sessle BJ. (1977). Modulation of alpha and gamma trigeminal motoneurons by various 
peripheral stimuli. Experimental neurology 54, 323-339. 
Sessle BJ, Yao D, Nishiura H, Yoshino K, Lee JC, Martin RE & Murray GM. (2005). 
Properties and plasticity of the primate somatosensory and motor cortex related 
to orofacial sensorimotor function. ClinExpPharmacolPhysiol32, 109-114. 
Shammah-Lagnado SJ, Negrao N, Silva BA & Ricardo JA. (1987). Afferent 
connections of the nuclei reticularis pontis oralis and caudalis: A horseradish 
peroxidase study in the rat. Neuroscience 20, 961-989. 
Shammah-Lagnado SJ, Costa MSMO & Ricardo lA. (1992). Afferent connections of 
the parvocellular reticular formation: a horseradish peroxidase study in the rat. 
Neuroscience 50, 403-425. 
Sherrington CS. (1917). Reflexes elicitable in the cat from pinna, vibrissae and jaws. 
Journal of Physiology 51,404-431. 
Shigenaga Y, Takabatake M, Sugimoto T & Sakai A. (1979). Neurons in marginal 
layer of trigeminal nucleus caudalis projecting to ventrobasal complex (VG) 
and posterior nuclear group (PO) demonstrated by retro grade labeling with 
horseradish peroxidase. Brain research 166,391-396. 
110 
Shigenaga Y, Nakatani Z, Nishimori T, Suemune S, Kuroda R & Matano S. (1983). 
The cells of origin of cat trigeminothalamic projections: especially in the 
caudal medulla. Brain research 277, 201-222. 
Shigenaga Y, Okamoto T, Nishimori T, Suemene S, Nasution ID, Chen IC, Tsuru K, 
Y oshida A, Tabuchi K, Hosoi M & Tsuru H. (1986a). Oral and facial 
representation in the trigeminal principal and rostral spinal nuclei of the cat. 
Journal of Comparative Neurology 244, 1-18. 
Shigenaga Y, Suemune S, Nishimura M, Nishimori T, Sato H, Ishidori H, Yoshida A, 
Tsuru K, Tsuiki Y, Dateoka Y & et al. (1986b). Topographie representation of 
lower and upper teeth within the trigeminal sensory nuclei of adult cat as 
demonstrated by the transganglionic transport of horseradish peroxidase. The 
Journal of comparative neurology 251, 299-316. 
Shigenaga Y, Sera M, Nishimori T, Suemune S, Nishimura M, Yoshida A & Tsuru K. 
(1988). The central projection of masticatory afferent fibers to the trigeminal 
sensory nuclear complex and upper cervical spinal cord. Journal of 
Comparative Neurology 268,489-507. 
Smith RL. (1975). Axonal projections and connections of the sensory trigeminal 
nucleus in the monkey. JCompNeurol148, 347-376. 
Smith SJ. (1994). Neural signalling. Neuromodulatory astrocytes. Curr Biol 4, 807-
810. 
Somjen GG. (1980). Stimulus-evoked and seizure-related responses of extracellular 
calcium activity in spinal co rd compared to those in cerebral cortex. Journal of 
neurophysiology 44,617-632. 
Steindler DA. (1985). Trigeminocerebellar, trigeminotectal, and trigeminothalamic 
projections: A double retrograde axonal tracing study in the mouse. Journal of 
Comparative Neurology 237, 155-175. 
Stringer JL, Mukherjee K, Xiang T & Xu K. (2007). Regulation of extracellular 
calcium in the hippocampus in vivo during epileptiform activity--role of 
astrocytes. Epilepsy research 74, 155-162. 
Su H, Alroy G, Kirson ED & Yaari Y. (2001). Extracellular calcium modulates 
persistent sodium current-dependent burst-frring in hippocampal pyramidal 
neurons. Journal ofNeuroscience 21, 4173-4182. 
Suadicani SO, Flores CE, Urban-Maldonado M, Beelitz M & Scemes E. (2004). Gap 
junction channels coordinate the propagation of intercellular Ca2+ signaIs 
generated by P2Y receptor activation. GUa 48,217-229. 
Suzue T. (1984). Respiratory rhythm generation in the in vitro brain stem-spinal cord 
preparation of the neonatal rat. The Journal ofphysiology 354, 173-183. 
111 
Tanaka S, Kogo M, Chandler SH & Matsuya T. (1999). Localization of oral - motor 
rhythmogenic circuits in the isolated rat brainstem preparation. Brain research 
821, 190-199. 
Tazerart S, Viemari JC, Darbon P, Vinay L & Brocard F. (2007). Contribution of 
Persistent Sodium CUITent to Locomotor Pattern Generation in Neonatal Rats. 
Journal of neurophysiology. 
Ter Horst GJ, Copray JC, Van Willigen JD & Liem RS. (1990). Contralateral 
projections of cells in the motor trigeminal nucleus of the rat. Neuroscience 
Letters 113,260-266. 
Ter Horst GJ, Copray JC, Liem RS & Van Willigen JD. (1991). Projections from the 
rostral parvocellular reticular formation to pontine and medullary nuclei in the 
rat: involvement in autonomie regulation and orofacial motor control. 
Neuroscience 40, 735-758. 
Thexton AJ, Hiiemae KM & Crompton AW. (1980). Food consistency and bite size as 
regulators of jaw movement during feeding in the cat. Journal of 
neurophysiology 44,456-474. 
Thexton AJ, Mc Garrick JD & Stone TW. (1988). Rhythmic digastric activity in the 
naloxone-treated decerebrate rabbit pup. Neuroscience Letters 93, 242-246. 
Torvik A. (1957). The ascending fibers from the main trigeminal sensory nucleus; an 
experimental study in the cat. Am J Anal 100, 1-15. 
Tsuboi A, Kolta A, Chen CC & Lund JP. (2003). Neurons of the trigeminal main 
sensory nucleus participate in the generation of rhythmic motor patterns. The 
European journal ofneuroscience 17,229-238. 
Tsuru K, Otani K, Kajiyama K, Suemune S & Shigenaga Y. (1989). Central 
terminations of periodontal mechanoreceptive and tooth pulp afferents in the 
trigeminal principal and oral nuclei of the cat. Brain research 485, 29-61. 
Turman JE, Jr. & Chandler SR. (1994a). lmmunohistochemical evidence for GABA 
and glycine-containing trigeminal premotoneurons in the guinea pig. Synapse 
18, 7-20. 
Turman JE, Jr. & Chandler SR. (1994b). lmmunohistochemical localization of 
glutamate and glutaminase in guinea pig trigeminal premotoneurons. Brain 
research 634, 49-61. 
van Drongelen W, Koch H, EIsen FP, Lee HC, Mrejeru A, Doren E, Marcuccilli CJ, 
Hereld M, Stevens RL & Ramirez JM. (2006). Role of persistent sodium 
CUITent in bursting activity of mouse neocortical networks in vitro. Journal of 
neurophysiology 96,2564-2577. 
112 
Van Vreeswijk C, Abbott LF & Ermentrout GB. (1994). When inhibition not 
excitation synchronizes neural firing. Journal of computational neuroscience 1, 
313-321. 
Van Willigen JD & Weijs-Boot 1. (1984). Phasic and rhythmic responses of the oral 
musculature to mechanical stimulation of the rat palate. Archives of oral 
biology 29, 7-11. 
Vargas-Caballero M & Robinson HP. (2003). A slow fraction of Mg2+ unblock of 
NMDA receptors limits their contribution to spike generation in cortical 
pyramidal neurons. Journal ofneurophysiology 89,2778-2783. 
Verdier D, Lund JP & Kolta A. (2007). Postsynaptic responses elicited by peripheral 
inputs in the trigeminal main sensory nucleus In Society for neuroscience 
abstract 471.22 edn, pp. 
Verkhratsky A, Orkand RK & Kettenmann H. (1998). Glial calcium: homeostasis and 
signaling function. Physiol Rev 78, 99-141. 
von Euler C. (1983). On the central pattern generator for the basic breathing 
rhythmicity. J Appl Physiol55, 1647-1659. 
Waite PM, Ho SM & Henderson TA. (2000). Afferent ingrowth and onset of activity 
in the rat trigeminal nucleus. The European journal ofneuroscience 12,2781-
2792. 
Walker AE. (1939). The origin, course and termination of secondary pathways of the 
trigeminal nerve in primates. JCompNeurol71, 58-89. 
Weijs WA & Datuma R. (1981). Functional anatomy of the masticatory apparatus in 
the rabbit (Oryctolagus Cuniculus L. ). NethJZool31, 99-147. 
Westberg KG, Sandstrom G & Ols son KA. (1995). Integration in trigeminal premotor 
interneurones in the cat. 3. Input characteristics and synaptic actions of 
neurones in subnucleus-gamma of the oral nucleus of the spinal trigeminal tract 
with a projection to the masseteric motoneurone subnucleus. Exp Brain Res 
104,449-461. 
Westberg KG, Clavelou P, Sandstrom G & Lund JP. (1998). Evidence that trigeminal 
brainstem interneurons form subpopulations to procedure different forms of 
mastication in the rabbit. Journal ofNeuroscience 15, 6466-6479. 
Westneat MW & HaU WG. (1992). Ontogeny of feeding motor patterns in infant rats: 
an electromyographic analysis of suckling and chewing. Behav Neurosci 106, 
539-554. 
113 
Wooisey CN. (1955). Organization of somatic sensory and motor areas of the cerebral 
cortex. In Biological and Behavioral Basis of Behavior, ed. Harlow HFaW, 
C.N., pp. 63-80. Wisconsin Press, Madison University. 
Xiong ZG & MacDonald JF. (1999). Sensing of extracellular calcium by neurones. 
Can J Physiol Pharmacol77, 715-721. 
Yamaguchi T, Chattopadhyay N & Brown EM. (2000). G protein-coupled 
extracellular Ca2+ (Ca2+0 )-sensing receptor (CaR): roles in cell signaling and 
control of diverse cellular functions. Adv Pharmacol47, 209-253. 
Yasui Y, Hoh K, Mitani A, Takada M & Mizuno N. (1985). Cerebral cortical 
projections to the reticular regions around the trigeminal motor nucleus in the 
cat. Journal of Comparative Neurology 241,348-356. 
Y oshida A, Yasuda K, Dostrovsky JO, Bae YC, Takemura M, Shigenaga Y & Sessle 
BJ. (1994). Two major types of premotoneurons in the feline trigeminal 
nucleus oralis as demonstrated by intracellular staining with horseradish 
peroxidase. The Journal of comparative neurology 347, 495-514. 
Yoshida A, Hiraga T, Moritani M, Chen K, Takatsuki Y, Hirose Y, Bae YC & 
Shigenaga y. (1998). Morphologic characteristics of physiologically defined 
neurons in the cat trigeminal nucleus principalis. The Journal of comparative 
neurology401,308-328. 
Zerari-Mailly F, Pinganaud G, Dauvergne C, Buisseret P & Buisseret-Delmas C. 
(2001). Trigemino-reticulo-facial and trigemino-reticulo-hypoglossal pathways 
in the rat. The Journal of comparative neurology 429,80-93. 
Zhang GX & Sasamoto K (1990). Projections of two separate cortical areas for 
rhythmicaljaw movements in the rat. Brain research bulletin 24, 221-230. 
Zhong G, Masino MA & Harris-Warrick RM. (2007). Persistent sodium currents 
participate in fictive locomotion generation in neonatal mouse spinal cord. 
Journal ofNeuroscience 27, 4507-4518. 
